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 Throughout our history, humans have been battling viruses. Many viral infections had large impacts on 
human societies; whole populations, perhaps even cultures have been destroyed by infective agents. The 
first outbreaks of viral epidemics were probably closely related to the increased number of human 
communities and to agricultural development in the Neolithic period around 10.000 years ago1,2. The 
continuous interplay between host and viral pathogens has recently been recognized as a key driver of 
mammalian evolution3. After a pandemic or epidemic, the infected population goes extinct or tries to 
adapt to the new conditions. New findings suggest that the virome of mammals has influenced the 
genetic diversity of hosts and an astonishing number of gene product adaptations that have developed 
since humans' divergence from chimpanzees have been driven by coevolved viruses3,4. It is worth noting 
– although retroviruses are beyond of the scope of this thesis - that the genomes of animals are saturated 
with many inactive viral copies (retrotransposons and retroposons). Many studies suggest that 
retroviruses have had an impact on the development of the mammalian uterus, enabling the fine tuning 
of placental gene expression5,6. We also know that retroviral elements offered  adaptive advantages in 
the brain development of early human species, among other animals7,8.  
 Generally, the genome keeps information for replication, transcription and translation of genes. The 
transcriptome of viruses is the whole bulk of RNAs produced by the genome and it is of particular 
interest in virology. The transcriptome represents the activity of the whole genome at a certain stage in 
a viral life cycle or functional state. Transcripts are the products of transcription, including messenger 
RNA (mRNA) and non-coding RNA (ncRNA).  The mRNA, a single-stranded intermediate molecule, 
is considered to be the molecule that allows the conversion of genetic information from DNA to protein, 
while ncRNA influences gene expression, protein synthesis, transport,  chromosome integrity and other 
fundamental processes at various levels9. Therefore, the study of the transcriptome promotes 
understanding of the activities of cells, tissues and organisms. Transcriptome sequencing, also known 
as RNA-Seq, is a recently developed technique that quantifies the transcriptome in given samples and 
thus promotes transcriptome analysis. Viral RNAs regulate, control and enable the propagation of new 
viral particles. Therefore, they play a crucial role in the viral life cycle. Nowadays, revolutionary novel 
technical achievements in the area of sequencing offer completely new insight into the transcriptomes 
of many organisms, including viruses10,11. To become acquainted with the structure of a viral 
transcriptome, it is prerequisite to understand the operation of viruses.   
 The genomes of DNA viruses are structurally either double-stranded or single-stranded12. Double-
stranded DNA (dsDNA) viruses are a diverse group of viruses, including many pathogenic agents. A 
relatively large genome and plenty of viral genes are characteristic features of the dsDNA viruses.  
Biological information is organized in a sequential manner and is packaged in the nucleocapsid of 
viruses. In the host cell, genetic information is arranged on a series of chromosomes in the nucleus. With 
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the discovery of the structure of DNA and RNA, there was a great desire to decipher this information, 
which was considered to be the genetic blueprint of living organisms.  
 Sequencing is the method to decode the nucleic acids, the so-called sequence of nucleotides. Cracking 
the code of life was a long-awaited dream in science and had been seen as an almost impossible task 
when Holley and colleagues were able to first determine (in 1965) the structure and serial nucleotide 
composition of a transfer RNA13. Two years later the first DNA molecule pieces were determined at the 
end of a lambda phage genome14. A couple of years later Walter Fiers and his team sequenced the first 
gene, a viral coat protein coding gene, and in 1976 the complete nucleotide-sequence of MS2 
bacteriophage, the first RNA genome and transcriptome ever to be sequenced was published15,16. 
Historically, transcriptome sequencing preceded the sequencing of the first DNA genome, which was 
the genome  of phage phiX17417, by two years. 
Techniques for Transcriptome Analysis 
 Analysis of transcripts at a molecular level was made possible by the discovery of reverse transcriptase 
(RT) and, later, the development of the polymerase chain reaction (PCR) 18–21. Combining these two 
techniques was a hallmark for transcriptome studies. mRNA is thought to be more susceptible to 
hydrolysis than DNA, because of the presence of ribose’s 2′-hydroxyl group22. Therefore, producing 
complementary DNA copies from any mRNA molecule by in vitro reverse transcription, allows mRNA 
analysis without the degradation of samples. In vitro gene expression studies were time consuming and 
laborious, in spite of precise techniques for the analysis of single gene products. The technical 
development of reverse transcription and PCR has increased the quantity and isoforms of viral 
transcripts, including Herpesviruses or Poxviruses, being analysed23–27. A drawback of these techniques 
is that they cannot measure the entire transcriptome at a single time point, only parts of it.  
 Hybridization reactions between single-stranded nucleic acids without enzymes have long been 
known28–30. Using this phenomenon to develop a hybridization assay on the surface of a miniaturized 
chip was the birth of transcriptomics. A two dimensional cDNA array, later called a microarray, of  
known nucleotide sequences, utilizing the principles of Watson-Crick base pairing of labeled samples, 
has provided an opportunity to monitor viral genes or the gene expression of many cellular genes31–33. 
This technique was commercialized by the company Affymetrix - cofounded by the Hungarian-rooted 
scientist Stephen Fodor34. He used solid–phase oligonucleotide synthesis combined with automated 
photolithography, fluorescent-labeled nucleic acids and massive bioinformatics to implement 
microarray data analysis in large scale genome studies32,33. Due to their size, it was relatively easy to 
produce whole genome arrays of all known and predicted open reading frames for a given viral 
pathogen37. Microarray studies have been predominantly applied in the last three decades to measure 
and compare gene expression levels, including the global transcriptome changes of host cells during 
viral infections38–41. Microarrays revolutionized genomics, clinical diagnostics and transcriptomics in 
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the ’90s, although hybridization-based methods suffer from many erroneous factors and ‘a priori’ 
assumptions limiting their use in exhaustive, comprehensive whole transcriptomic and epigenomic 
studies42–44. Hybridization probes are designed based on the current annotation of a particular genome, 
so genomic regions that have no probe coverage are invisible. cDNA-derived expressed sequence tag  
(EST) libraries can circumvent the drawbacks of hybridization based methods, and  catch unknown 
mRNAs as well, but the difficulty of this technique is that each tag of isolated mRNA is transformed 
into bacteria, then sequenced one by one45. Serial Analysis of Gene Expression (or SAGE) is a similar 
method. It uses a small piece of each mRNA (typically14-21bp) as a tag, which is reverse transcribed, 
biotinylated and enzymatically fragmented into short cDNA, then they are isolated on streptavidin beads 
and ligated together46. This library of concatenated sequence tags can be sequenced to annotate 
transcriptionally active parts of  any genome47. This technique was used in early host-pathogen 
transcriptome studies, e.g. numerous low abundance transcripts of Herpesviruses were detected48. 
However, a pitfall of SAGE is that only small pieces of transcripts are represented from an mRNA, 
therefore a significant number of transcripts fail to map and are missing from the whole transcriptome 
analysis. 
 On the other hand, the rapid development of next generation sequencing (NGS) techniques seems to 
provide solutions to the problems of RNA microarrays, because NGS rely on direct sequencing of the 
entire transcriptome. These cost-effective, new, high-throughput techniques have shown the existence 
of hitherto unknown transcripts, transcript isoforms, splice events, and new cis-regulatory elements of 
the mammalian transcriptome49,50. NGS operates with base-pair precision and provides an overall 
molecular snapshot of the transcriptomic landscape of gene expression even at single cell resolution51. 
 
The next generation sequencing technique 
 In order to understand what next generation sequencing means, a brief description of first-generation 
sequencing technique is discussed. Determination of protein primary structure inspired many 
researchers to determine the primary structure of RNA and DNA in the ‘60s. As Frederick Sanger – who 
sequenced the first protein -  pointed out, “one of the main difficulties in sequencing resides in the 
separation step: in almost all sequencing work, fractionation has been a crucial factor, and progress in 
sequencing has often depended on progress in fractionation methods”52. A tRNA from yeast was 
determined by Holley in 1965 using serial enzymatic cleavages followed by several chromatography 
steps13. The whole process took 3 years and more than 100 kg of yeast was used as the starting material 
to obtain 1g of pure, 77 nucleotide-long tRNA53,54. The first landmark in genome sequencing was the 
meticulous work of Fiers and colleagues on the MS2 bacteriophage genome published in 197515. It is a 
4kb long positive single-stranded RNA (+ssRNA) genome, which was small enough for an early 
sequencing attempt, however working with RNA genomes is challenging due to the instable nature of 
ssRNA. After creating small pieces of the genome using overlapping enzymatic fragmentation, it took 
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almost 6 years to puzzle them together with 2-dimensional chromatography 55. By 1977, Sanger and 
Coulson had used the ‘plus and minus’ method to sequence the first DNA genome of phiX174 
bacteriophage using radioactive labeled P-isotopes 17,56. This method allowed a 50-80 base sequence s 
to be resolved in a single experiment, however it was laborious and time-consuming and was suitable 
for only single-stranded DNA52. Inspired by Kornberg’s experiments, Sanger and Coulson improved 
their sequencing method, which relied on stopping the polynucleotide synthesis with a nucleoside-
analogue and they could read almost 500 bp of DNA at once52,57,58. Sanger’s method has become the 
most commonly used technology to sequence DNA. Many improvements have been made in the 
intervening years e.g. fluorescently-labeled terminators instead of radioactively-labeled nucleotides 
made the detection of fragments safer, introduction of capillary gel electrophoresis provided high-
confidence base calling (.  Figure 1A), recombinant new enzymes enabled sequencing up to 1000 bps59. 
This technique was the basis for sequencing the entire human genome and transcriptome and has made 
the genomic revolution of medicine over the last four decades a possibility60,61. Sanger sequencing is 
still in use today for sequencing individual fragments of DNA/cDNA. Despite its many advantages, it 
is not able to achieve low-cost, high-throughput sequencing, partly because detection and synthesis are 
separated during the sequencing process and it cannot handle millions of bases simultaneously. 
Short read sequencing techniques 
 Following the terminology in the history of sequencing, next-generation sequencing (NGS) refers to 
second, third and fourth generation sequencing techniques. Nonetheless, other authors and I prefer to 
distinguish NGS based on the length of reads, namely short- and long-read sequencing techniques, 
because the latter nomenclature better depicts the essence of NGS 62. Short-read sequencing (SRS) 
techniques have dramatically changed the market of whole genome sequencing in the last decade due to 
their extremely high cost-efficiency. The common principle of these techniques is sequencing-by-
synthesis (except in the case of SOLiD - sequencing-by-ligation - system). The sequencing reaction 
takes place on the surface of a chip to which many thousands of samples can be attached, thus achieving 
massive parallel sample handling. SRS-techniques differ from first generation (or chain termination) 
sequencing techniques in that they do not need gel electrophoresis, because signal detection and 
sequence reading occur simultaneously, not separately, which results in highly efficient throughput.  
 The leading NGS-technique has been pyrosequencing. Its principles have been known since 1993, 
briefly: during the synthesis of the complement strand, pyrophosphate (PPi) is released and transformed 
into ATP. The ATP then activates the enzyme luciferase (.  Figure 1C), which produces a light signal 
indicating specific base incorporation63. The technique utilizes the advantages of emulsion PCR, all 
reactions take place on beads in picoliter volumes. Pyrosequencing was commercialized by J. 
Rothberg’s company, 454, in 2003 and made it possible to sequence parts of the Neanderthal genome 
for the first time64. Although pyrosequencing can read only 300-400 bp, the technique was well 
implemented in several genotyping assays and genome methylation analyses of Herpesviruses65–68 and 
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Vaccinia viruses69. Marketing of the pyrosequencing platform was discontinued in 2013 when the 
technology became noncompetitive against other SRS platforms.  
Illumina 
 Researchers struggled with the automated Sanger method to sequence the entire human genome, there 
was a need for a fast, high-throughput, but cheap sequencing technique. Partway through the Human 
Genome Project a new sequencing idea - invented by two Cambridge scientists, Balasubramanian and 
Klenermanand - brought the Solexa company into being70. Their technique uses adapter molecules 
instead of emulsion PCR. The adapters are passed over a lawn of complementary oligonucleotides bound 
to a solid phase flow cell. PCR produces a population of clusters from neighboring templates59. The 
company’s machine resequenced the PhiX174 genome in 2005. It was a landmark in the history of NGS 
platforms, therefore Solexa was purchased by Illumina, which has invested in the development of 
personalized genome sequencers71. Soon after, Illumina announced that they had succeeded at the $1000 
genome challenge in 2014, which meant a remarkably drastic fall in the cost of whole genome 
sequencing compared to the 13-year-long Human Genome Project with its $1 billion bill72. The 
GenBank currently contains more than 36 petabytes (PB) of data and is expected to grow to 43 PB by 
202373. The vast majority of the data have been derived from Illumina sequencing. The popularity of 
this method can be explained by its low-cost efficacy coupled with extreme sequence accuracy and 
powerful marketing. Sanger sequencing determines the sequence of any DNA by measuring the mass 
of the growing strand using chain terminating modified ddNTP-s. One limitation of this method is that 
it cannot read more than 800 bp long chains, it can only handle a limited number of parallel sequences 
and evaluation of the results is time consuming. Contrarily, Illumina produces only short reads in a 
massively parallel manner, so it is able to sequence whole genomes in a defined time period. The 
principle of this method is sequencing-by-synthesis by reversible chain termination74,75. The DNA or 
cDNA population needs to be fragmented into 35-75 bp long portions prior to library preparation, then 
adapters are ligated to bind them to the surface of the so-called flow-cell, where bridge amplification is 
done. During sequencing the DNA polymerase incorporates one of the four fluorescently labeled 
modified nucleotides (the reversible terminators, which are protected at their 3’ ends) then an image is 
taken to catch the light signals of the growing strand74. The protection group is cleaved to allow 
incorporation of the next base; thereafter unincorporated nucleotides are washed away (.  Figure 1B). 
The flow cell is imaged in each cycle resulting in a quasi-error-free base-by-base determination of the 
complement strand. Although Illumina platforms provide diverse solutions for different, large scale 
applications, including genomics, metagenomics, whole genome transcriptomics, small RNA 
transcriptomics, methylation arrays, ribosome profiling, clinical diagnostics, they generate millions of 
reads and  they are not ideal technologies in some ways: amplification bias, high GC-content, 
homopolymers, difficult sample preparation, long run time, expensive instruments and the generated 






Figure 1.Illustration of the main sequencing techniques. A) Sanger sequencing, B) Illumina 
sequencing, C) Pyrosequencing D) Ion semiconductor sequencing by Ion Torrent, E) Single-molecule 
real-time sequencing by Pacific Biosystems, F) Oxford Nanopore. From ResearchGate, approved by 
the author77 
 One basic question in the technology of sequencing-by-synthesis is how to recognize nucleotide 
incorporation. There are alternative options to light signal detection in sequencing. The Ion Torrent 
instrument uses millions of high-sensitivity semiconductors, which are practically ultrasensitive pH 
meters (.  Figure 1D), that detect protons (H+) released when new bases are incorporated into the 
growing strand during synthesis78. This technique allows the reading of 200-600 bp long sequences, 
filling the gap in read length between SRS and LRS techniques74,79.  
Long read sequencing techniques 
 Although long read sequencing (LRS) platforms have significant technical differences, they routinely 
generate reads longer than 1000bp and they can even sequence ultra-long reads of 100 000bp, while 
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SRS techniques have a maximum of 600 bases80. The LRS technology emerged in 2010, when Pacific 
Biosciences (PacBio) commercialized the single-molecule real-time (SMRT®) technology81 with the 
first publicly available, long read sequencing instrument. This technique is also based on the sequencing-
by-synthesis principle, whereby the polymerase enzyme is affixed at the bottom of nano-sized, so-called 
zero-mode waveguide (ZMW) wells and the DNA is moving. In many thousands of ZMWs 
fluorescently-tagged nucleotides are incorporated into the newly synthesized strands of DNA (.  Figure 
1E). The reaction happens at picoliter volumes and a superfine optical detection system enables 
recording of a real time movie of light pulses corresponding to each base incorporated during synthesis82. 
Although accuracy of raw reads generated by PacBio is much lower (~15%) than that of Illumina 
sequencing, it can be increased. PacBio uses circular templates by ligating hairpin adaptors to both ends 
of target DNA molecules. As the polymerase copies the circularized template, the DNA is sequenced 
several times producing a long, concatemer read83. Consensus reads show high accuracy and fidelity, 
which is comparable with the 99% accuracy value of Illumina sequencing84. Our research group was 
among the first to successfully use the PacBio platform in the sequencing of viral genomes and 
transcriptomes, including Herpesviruses85–88 and Vaccinia virus89.  
Nanopore sequencing 
 The principle of nucleic acid sequencing through nanopores depends on sensitive transmembrane 
protein biosensors90. The nanopore allows charged molecules to move across an insulating layer with 
the help of the electric potential (.  Figure 1F). While molecules traverse the pore, the characteristic 
changes in current are measured and this signal is decoded as the sequence of nucleic acids79,91,92. The 
technique can be categorized based on the choice of nanopore. Most current efforts implement 
nanopores derived from bacterial proteins embedded in a lipid membrane or synthetic polymer. The 
other group is the fully synthetic, solid state nanopores 93. Compared to biological nanopores, solid-state 
nanopores produce higher signal noise during sequencing, although they are physically more stable92. 
The idea of nanopore sequencing was conceived by David Deamer in 198994,95. Around the same time, 
Church and Hagan proposed the idea that, driven by electrophoresis, RNA or ssDNA molecules can 
traverse through a protein pore embedded in a lipid bilayer and the blockade of ionic current can be 
measured by high precision patch clamp amplifiers96. Their idea was experimentally proven in 1996 
when Deamer and Kasianowicz published that polynucleic acids can pass through a barrel-like protein 
called alpha-Hemolysin97. Later it was reported that purine bases could be definitively distinguished 
from pyrimidine bases by their specific signal characteristics, thus achieving a form of sequencing that 
was totally different from the sequencing by synthesis principle98.  In 2005 Hagan Bayley founded a 
startup company in Oxford. Ten years later, Oxford Nanopore Technologies (ONT) announced the early 
access of nanopore sequencer’s beta version for the scientific community to test their MinION device 
and soon received the first result via Twitter90. Subsequent developments in nanopore methodology 
made it possible to commercialize nanopore sequencers. Besides the microelectronic and computational 
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developments, sequencing chemistry and protein pores had also been improved. The alpha-Hemolysine 
pore protein was replaced by the genetically engineered MspA protein with which sequencers could 
read kilobase pair (kbp) long, single polynucleotide chains with relatively high accuracy95. Recently, 
MspA has been replaced with the new generation of genetically designed CsgG pore protein  (bacterial 
amyloid-secreting transmembrane channel) which has greater sensitivity in signal-noise detection99,100. 
For accurate signal detection, it is crucial to control how nucleic acid chains pass through the nanopore. 
Therefore several motor proteins have been developed from T7 polymerase,  Phi-29 polymerase and, 
the recently used, Helicase30896,100,101. The motor protein interacts with the nanopore in order ratchet 
the DNA/RNA chain, base by base, into the hole slowing the sequenced molecule and thereby increasing 
processivity of the signal recording (Figure 2).  
 
Figure 2. From left to right, motor protein (green) binds dsDNA -or cDNA- anchored on the 
nanopore. Motor protein uses ATP to unwind the double helix, it „feeds” the single strand, base-by-
base, into the nanopore, meanwhile the electric potential between the two sides of membrane pulls the 
ssDNA through the pore. Changes in electric current are detected as signals of the nucleotides in the 
chain. The motor protein dissociates and the pore is ready to receive another new molecule. In: 
Carlos et al. 2017102 
 The massive evolution of nanopore sequencing techniques has made it possible to read ultra-long, 
complex sequences, like repeat regions of human chromosomes103. Long read sequencing is known for 
its relatively high error rate, however the early reported 40-60% inaccuracy of raw reads is rapidly 
approaching nearly 95%-99% reading precision nowadays, depending on the flow cell’s chemistry and 
base calling algorithm95,104,105. Despite scientific skepticism106, ONT nanopore sequencing has become 
widely accepted in genomics and transcriptomics as a cost-effective, high-throughput, single molecule, 
long-read sequencing technique. An outstanding advantage of ONT MinION sequencer is that it can 
sequence DNA in real time at single base resolution without the need for expensive optical instruments, 
or amplification (Figure 2). Additionally, it is pocket sized and is able to read DNA modifications. We 
can utilize the benefits of ONT sequencing particularly in transcriptomics. Full-length reads compensate 
for the relatively high error rates, therefore robust detection of splice isoforms, length isoforms, 
alternative start and stop sites even in overlapping, complex transcriptomic environments are available. 
Because the direction of reads mirrors their natural position, directionality of transcripts can be 
determined without extra elaboration. Furthermore, base modifications can easily be identified from 
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thorough analyses of raw signal files. A disadvantage of ONT sequencer is the above-mentioned 
relatively high error rate, which means that without high coverage the alignment of reads is sometimes 
not precise enough for variant calling. On the other hand, this phenomenon can be overlooked in 
transcriptomics studies, where, not the precise sequence of RNAs, but their length and position are the 
most important information in transcript discovery. We can claim that nanopore sequencing is the most 
powerful tool in our arsenal in structural transcriptomics studies. To the best of our knowledge, our 
research group reported the first application of this technology in the field of viral transcriptome research 
using different members of Herpesviruses11,85,107–110.  
 In my thesis, I try to elucidate how sequencing viral RNA in lytic infections reveals new insights into 
viral transcriptomes and the complexity of the viral transcriptomic landscape. In the following chapters 
I focus on two members of large, double-stranded DNA viruses – namely Varicella-zoster and the 
Vaccinia virus - and the analysis of their detailed transcriptome is presented. I created and analyzed 
various transcriptome libraries to obtain genome wide information about transcript isoforms of the above 
mentioned viruses. 
Characteristics of VZV 
Etymology and history of chickenpox 
 The origin of the name chickenpox (or chicken pox) is unclear, but according to the most likely 
explanation, it distinguishes the milder infection from the more serious smallpox (variola) and syphilis 
(also known as the great pox). Pox is a variant spelling of pocks, the plural form of the Old English pock 
(=pustule from Latin) meaning a small blister or pimple on the skin containing pus111. The first known 
and recorded use of the word chickenpox was in 1694112. One possible explanation about the history of 
the word chickenpox is found in Aronson’s work: in Shakespeare's time a chequeen (later named 
chicken) was a gold coin, which had been devalued. Perhaps the disease was inappreciable compared to 
smallpox or great pox, like the value of the chequeen, which was either used as cheap decoration on a 
dress (spangle) or in a hazard game as coins (called chicken stake)113. According to other explanations 
the name likely comes from chickens’ association with weakness and wimpiness111. The term Herpes 
(meaning to creep in Greek) has been used in medicine for centuries and it has been applied to at least 
seven different infectious skin conditions114. The first occurrence of the term “herpes zoster” was in the 
1st century in the work of Celsus who described rounded skin lesions spreading in a serpentine fashion 
like a belt on the trunk114. The word “shingles” derives from the Latin word “cingulus”, which means 
“belt or girdle”, referring to the characteristic skin lesions often around the waist115. Because smallpox 
(variola) was also present in Roman society, the word varicella possibly originated as a diminutive form 
of variola, which means „speckled” in Latin116. The difference between smallpox and chickenpox was 
not recognized until Heberden described the clinical difference between the two contagious disorders in 
1767117. In the 19th century many observations confirmed that smallpox and chickenpox w unrelated, 
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and chickenpox is not a milder form of the smallpox infection, rather it is a contagious agent, which is 
associated with damage of spinal ganglia118,119. A Hungarian pediatrician János von Bókay recognized 
in 1892 and reported for first time in 1909 that herpes zoster (shingles) and varicella (chickenpox) are 
linked together120. In the middle of the 20th century, modern techniques helped prove that both diseases 
are caused by the same virus121,122. 
Structure and biology of VZV 
 The VZV virion is approximately 80–120 nm in diameter and is composed of an icosahedral 
nucleocapsid surrounded by a tegument layer123. The outer virion component is an envelope derived 
from the host cell membrane with incorporated viral glycoproteins124. The entire VZV genome sequence 
was first published in 1986125. It is composed of a ~ 125-kbp double-stranded DNA molecule with an 
average G+C content of 46%, which contains at least 70 annotated open reading frames (ORFs)125. Many 
of these ORFs are arranged in 3'-coterminal families, resembling the gene organization of other 
Herpesviruses126. The VZV genome contains two equimolar isomers, they consist of a unique long (UL) 
and a 5200 bp long unique short (US) region (Figure 3), in which the US region can have either of two 
orientations127. Two 7300 bp long inverted repeats (IRs) surround the US region, while the terminal 
repeat (TRS) of the UL region is only 88 bp long. In comparison, the Herpes simplex virus has four 
isomers with longer internal and terminal repeat regions; hence both UL and US segments can undergo 
inversion126,128. The origin of replication (ori) is located in the repeat region adjacent to the UL 
segment129. Three genes (orf62, orf63 and orf64) located at the IR regions are in duplicate and three 
ORFs (orf66, orf67 and orf68) are situated in tandem orientation in the US region125,130. The main 
transcriptional trans activator proteins of VZV are present in tegument and encoded by orf4, orf10, orf62 
and orf63 genes131,132.  
Figure 3. Display of VZV genome architecture. TRS, terminal repeat short; TLR, terminal repeat long; 
UL, unique long; US, unique short; IRL, internal repeat long; IRS, internal repeat short; ori, origin of 
replication. Dark blue ORFs are transcribed from the sense strand; yellow ORFs are transcribed from 
the antisense strand In: D. Scott Schmid et al. 2010 133 
 Replication of Herpesviruses is principally controlled by the regulation of transcription, which is carried 
out through a sequential activation of viral genes during the viral life cycle. The immediate early genes 
(IE) are expressed first; their products control the expression of early (E) genes, which are followed by 
the activation of the late (L) kinetic class of genes134. Early gene products are generally needed to control 
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viral replication, while gene products of the late kinetic class build up the virion. The IE protein ORF62 
is the most important essential trans activator of VZV, which recruits the general transcriptional 
apparatus of the host cell and thereby controls the expression of other viral genes135,136. Virions enter the 
cell through membrane fusion or receptor-mediated endocytosis. The conserved herpesvirus 
glycoprotein gB and the heterodimer gH-gL mediate virion envelope fusion with cell membranes during 
virus entry137. Thereafter, when uncoated virions are delivered to the nuclear membrane by the cell’s 
cytoskeleton, the genome will be injected into the nucleus123. Tegument proteins, like ORF47, ORF66 
and ORF62, form complexes with cellular regulatory proteins, such as transcription factor specificity 
protein 1, to trans activate viral promoters and recruit cellular RNA Polymerase II for viral 
transcription123. Before viral replication, the linear genome of VZV circularizes and then bidirectional 
synthesis is initiated via the origin of DNA replication binding protein, which is encoded by the orf51 
gene. VZV DNA starts to replicate with a theta-like structure whereafter the process switches to rolling 
circle mode138.  
 Finally, viral replication is followed by the production of structural proteins and newly assembled 
nucleocapsids are released from the nucleus into the periplasmic space by budding – the capsids are 
simply too large to exit through the nuclear pore complex - and acquiring the tegument (containing e.g. 
ORF9-12 proteins), and they enter the Golgi network to undergo maturation123,139. The glycoproteins of 
VZV are targeted to the Golgi to complete coating of intracellular virions140. Enveloped virions reach 
the cell membrane by vesicular transport trafficking141. VZV differs from other herpesviruses in that 
assembled virions typically remain highly cell-associated, because of the presence of viral glycoproteins 
(e.g gE, gB and gM) on the cell membrane134,142. They induce fusion of neighboring cells, producing 
syncytia, which enhance virus spreading, thus it is difficult to analyze the viral life cycle in vitro, due to 
the lack of synchronous infection142. 
Pathogenesis of VZV 
 VZV, as well VACV, have no known animal reservoir.  There are no animal cell cultures or models for 
virus propagation, because VZV is highly human cell associated. The only animal model for 
investigating the pathogenesis of VZV infection is a human skin and thymus-liver or dorsal root ganglia 
xenograft implanted in mice with severe combined immunodeficiency (SCID)143–145. VZV virions are 
spread from infected patients to susceptible persons by aerosols or direct contact with the vesicular 
fluid146,147. Virions infect epithelial cells of the respiratory mucosa by inhalation of viral particles or the 
virus may reach tracheobronchial lymphoid tissues148. The virions reach tonsils and other local lymph 
nodes, from where VZV can spread via the bloodstream within infected T cells. Subsequently, VZV 
may infect dermal perivascular cells, then epidermal and hair follicle keratinocytes via cell-to-cell spread 
and cause vesicular skin lesions throughout the body149. Promoting cell fusion enables VZV to overcome 
innate immune boundaries and accelerates viral spread. The viral glycoproteins gB, gH and gL play 
roles in the cell-cell fusion123. Viral replication in skin is probably linked with keratinocyte 
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differentiation causing viremia, as RNAseq analysis of host and VZV gene expression has shown150. 
The next step of VZV pathogenesis is that virions find free nerve endings of sensory neurons in skin, 
located close to the cutaneous capillaries and hair follicles, and VZV travels via afferent axons to the 
neurons of sensory ganglia (dorsal root ganglia, trigeminal ganglia, vestibular ganglia) and autonomic 
ganglia, where lifelong latency is established149,151. 
Latency 
 VZV most likely has a long coevolutionary history with the human species152, so after the primary 
childhood infection a healthy individual rarely experiences its presence. Latency is a long-term, inactive, 
non-replicative, dormant period in a viral life cycle. It should not be confused with clinical latency, 
which is the incubation period in which the virus is active, but symptoms have not yet appeared153. There 
is a lack of good in vivo models for the analysis of VZV latency, such experiments are restricted to the 
investigation of the non-human, primate simian varicella virus (SVV).154,155 VZV can only be obtained 
post mortem from human trigeminal ganglia156. New in vitro models of Herpesvirus latency are based 
on the analysis of neurons obtained from induced pluripotent stem cells157. Markus et al. recently 
reported, that latency can be established in induced neurons using microfluidic chamber devices, where 
soma and neuronal axons are artificially separated, imitating their natural situation158,159. These 
experiments have demonstrated that the VZV genome is circularized during latency and forms an 
episome in the nucleus151. The copy number of VZV genomic DNA is at least ten times lower than that 
of Herpes simplex, and according to many analyses, the genome copy number averages six per 
neuron151,160. Preserved gene activity during latency is unclear. Early studies reported that a limited 
number of protein coding genes (namely orf 4, 21, 29, 62, 63 and 66) express proteins in latency, but 
others have reported that only the immediate early ORF63 gene product is present in post mortem 
autopsy generated trigeminal neurons112,161. Other studies have shown that transactivator protein coding 
gene promoters may be associated with histone proteins, thus epigenetic factors maintain the VZV 
genome in a heterochromatic state162. For many years, the clue to VZV latency was that, unlike other 
alpha herpesviruses, VZV does not express a latency associated transcript (LAT)162. Nevertheless, the 
discovery of the multispliced latency-associated VZV transcript (VLT), which is expressed antisense to 
ORF61, fundamentally formed a new picture about the latent model of VZV inasmuch as it resembles 
the general alpha herpesvirus scenario, namely HSV and PRV express a similar transcript, which 
maintains latency in neurons163,164. 
Reactivation from latency 
 The exact molecular basis of VZV reactivation is not (yet) well known. VZV reactivation occurs 15-25 
times more frequently in immunocompromised people and in the elderly, than in uninfected 
populations165. It is known that innate immune response and antibody-driven humoral immunity, 
supplemented with CD4 and CD8 T-cell response, control VZV infected neurons in ganglia. However, 
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VZV has developed several mechanisms to inhibit the activation of both inherited and adaptive immune 
responses166. Viral ORF47, ORF61, ORF62 block the NF-kB pathway, while Jak/STAT2 signaling is 
arrested by ORF63, and ORF4 can modulate natural killer cells’ cytotoxicity167. Age-related decline in 
the frequency of VZV-specific T-cells is thought to allow the virus to reactivate and in monkeys 
reactivation can be experimentally induced by immunosuppression and stress151,168. Although the exact 
molecular mechanism of reactivation remains uncertain, in a new model, proposed by Laemmle and 
colleagues, only a subpopulation of nerve cells allow the awakening of the silenced genome, an effect 
they termed reactivatable latency158. As a result of reactivation, viral particles are trafficked by 
retrograde axonal transport from ganglia to dermatomal epithelial cells, where VZV causes secondary 
infection in the form of a painful rash, called shingles.  
Clinical complications, prevention and therapy 
 Varicella is a common benign infection in childhood. Complications are rare, however, they can be 
severe (cerebellitis, encephalitis, meningitis, necrotising fasciitis, pneumonia)169,170. Long term 
complications can occur after the reactivation of VZV in immunosuppressed conditions. Until zoster 
blisters scab over, open sores are contagious; therefore, immunosuppressed people, pregnant women 
and newborns should avoid contact with people who have shingles. Zoster can lead to post-herpetic 
neuralgia, which is a rare, chronic, painful disorder171. Zoster in adulthood can cause an increased risk 
of encephalitis, possible vision loss or even death172,173. Active immunization with attenuated VZV 
vaccine has become a routine childhood immunization in several countries to prevent chickenpox. 
Commonly used varicella vaccines contain a live-attenuated virus of the Oka strain174.  Varicella 
vaccination became available in the United States 25 years ago175, but use varies widely between 
European countries176. Varicella is associated with substantial clinical burden177; on average 40 000 
children under the age of 12 are infected each year and 90% of the population under the age of 15 are 
estimated to have been infected in Hungary178. Therefore, Hungary announced the introduction of a two-
dose funded, universal varicella vaccination in 2019179. 
Transcriptome research of VZV 
 Northern-blot hybridization technique using a library of recombinant fragments was used in the first 
effort to map particular parts of the VZV transcriptome 180. The same laboratory determined the direction 
of VZV mRNA and further expanded the number of known VZV transcripts to 77using Northern-
blotting181. Although a couple of very large viral RNAs (e.g. longer than 6.5 kb) have been detected in 
this study, their position was not elucidated in the publication. In the ’80s the genetic map and sequence 
of VZV was determined, nevertheless technical limitations hampered the precise mapping of viral 
transcripts125,182. Subsequently, Northern-blot analysis combined with more accurate techniques, like S1 
nuclease digestion, primer extension and later Rapid Amplification of cDNA Ends (RACE) studies were 
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able to identify the exact 5’ and 3’ ends of some viral mRNA, like ORF1, ORF2, ORF4,  ORF10, 
ORF14, ORF21, ORF61, ORF62, ORF63,  ORF67, ORF68183–190.  
 Hybridization-based microarray and second-generation short-read sequencing (SRS) techniques have 
revolutionized transcriptome research of VZV191. The first whole transcriptome PCR-based 
transcriptional array determined the general relative expressivity of VZV genes during lytic infection in 
BSC-1 cell line, in which the most abundant VZV transcripts mapped to ORFs 9, 64, 33, and 49 genes192. 
This study also showed that short intergenic regions can be transcriptionally active. Transcriptome 
profile of pOka and vOka strains were compared by macroarray analysis193. Transcriptional response of 
fibroblasts and T cells to VZV infection was analyzed by microarray in vitro and in human skin 
xenografts in SCID-hu mice in vivo194. Quantitative differences in viral gene expression were detected 
by microarray between two different cell types (melanoma and human astrocyte cell line) during lytic 
infection. SRS, including Pyrosequencing and Illumina sequencing, was used to compare VZV 
transcriptomes, as well as host cell responses, in neurons and fibroblasts and identified differentially 
expressed gene patterns between different cell types191,195. Differentially expressed microRNAs were 
discovered in primary human fibroblast cells after wildtype and vaccine VZV infection. It was later 
demonstrated that the virus, itself, produces microRNAs196–198. Up until now, 24 small non-coding RNA-
s (sncRNA), including miRNA, have been discovered in the VZV transcriptome. Some of them are 
mapped to 5’ UTRs of regulatory proteins and seem to affect viral replication199. 
 Other Illumina RNA-seq analysis demonstrated changes in the host transcriptome of VZV-infected 
aging cells and found a potential new VZV sensing receptor200. It has long been thought that VZV lacks 
a latency-associated transcript, which is well known to be expressed in other Alpha-Herpesviruses 
during latency. In 2018,Depledge and colleagues discovered a peculiar, multi-exonic transcript, later 
called VZV latency-associated transcript (VLT), using Illumina SRS technique in human trigeminal 
ganglia isolated shortly post mortem163. This study clearly showed that it is worth investing in 
transcriptome research of VZV, because the application of other NGS techniques could provide a new 
level in the detection of transcriptional events, since microarrays and SRS techniques perform poorly in 
the detection of multiple introns of overlapping transcripts, transcript UTR variants and multicistronic 
RNA molecules201.  
Characteristics of VACV 
 The Poxviridae virus family contains a broad spectrum of poxviruses. They mainly infect vertebrates 
(Chordopoxvirinae subfamily), including birds (Avipoxviruses) and reptiles (Crocodylidpoxviruses). 
They also infect mammals including domestic animals, like sheep (Capripoxviruses) and swine 
(Suipoxviruses). Humans can be infected with members of Orthopoxviruses and Molluscipoxviruses202. 
The poxviruses are among the largest of all animal viruses, not surprisingly they were the first virus 
visualized under light microscope203–205. Common features of Poxviruses are their large, bricked-shaped 
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and membrane-coated virions of about 200-300 nm diameter, and large, linear, dsDNA genome, which 
encodes viral DNA- and viral RNA polymerases, allowing viral replication in the host cell’s 
cytoplasm206,207. Poxviruses share a group of ancient, conservative genes of Nucleocytoplasmic large 
DNA viruses (like Mimiviruses), which were probably acquired by lateral gene transfer from the 
eukaryotic host cell208. These features place Poxviruses phylogenetically close to Adenoviruses and to 
African swine fever virus (Asfarviridae)209.  Interestingly, they also share a common hypothetical 
ancestor with bacteriophages, therefore it seems, that Poxviruses are probably one of the members of 
ancient viruses of eukaryotes208.  
History and origin of Vaccinia virus 
 Smallpox (Variola vera) has been noted throughout history as a deadly dangerous infection. It has killed 
more people throughout history than any other infectious disease210 The first known evidence of 
smallpox was found on the mummified body of Pharaoh Ramesses V. of Egypt, who died in 1157 B.C.211 
As trading increased, smallpox spread from Egypt through Asia, and reached Europe 1000 years ago202. 
After the discovery of the New World, European empires conquered Native Americans not only with 
weapons, but diseases like measles and smallpox. Aztec and Inka villages were devastated and later the 
North American population suffered similar devastation, because they had not developed immunity 
against smallpox212. According to contemporary descriptions 40-80% mortality rates among Native 
American populations were not rare213. Variolation was the only more or less effective immunological 
prevention against smallpox. This process was an introduction of powdered smallpox scab into healthy 
individuals, however severe side effects occurred in some cases214.  Variolation had been practiced for 
centuries in Asia and it was introduced in Europe in the early 1700’s by Lady Mary W. Montagu215. 
This method was rather unreliable and dangerous, because variolated people could infect others, and 
symptoms were often fatal. However, variolation indisputably decreased the high mortality rate of 
smallpox endemics by an order of magnitude216.  
 The smallpox vaccine has probably been responsible for more lives than any other vaccine, nevertheless 
it was the first step toward the development of modern vaccines217. In 1790 Edward Jenner observed 
that milkmaids who had contracted a mild, pox-forming disease from infected cows were later immune 
to smallpox. Jenner applied his observation in practice with the intradermal introduction of cowpox virus 
(“variolae vaccinae”) into a boy, afterwards infecting him with wildtype smallpox and, in agreement 
with his theory, the disease did not develop218. With similar human trials vaccination proved to be safer 
and more efficient than variolation had ever been202. Despite the contemporary “anti-vaccination” 
propaganda, Jenner’s method spread quickly to many countries; Jenner used the vaccines on his own 
children and he sent samples all over the world. His booklet was translated into several languages, 
“vaccination institutes” were established and vaccine samples were transported from Europe to the 
world 219. At that time there was no globally organized vaccination program, therefore many physicians 
used strains from unknown sources with an unknown passage history for vaccination. The origin and 
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natural host(s) of vaccinia virus are unknown. Probably the virus originated in the XIX. century, either 
from vaccinated people by “arm-to-arm” vaccination, and/or from cows or horses (England, America), 
or from buffaloes in India, or even camels in Egypt202,218. The oldest known vaccine sample from 1902 
was recently sequenced and its phylogenetic analysis revealed that the core genome of the virus used as 
a vaccine has the highest degree of similarity (99.7%) to the horsepox virus220. This finding provides 
evidence of the suspected role of horsepox in the origin of the smallpox vaccine and probably 
“equination” was frequently used as vaccination221 
Etymology of smallpox and vaccinia 
 The word variola was commonly used for smallpox and was first documented by Bishop Marius of 
Avenches (Switzerland) in AD 570. It is probably derived from the Latin word varius, which means 
“stained,” or from varus, meaning “mark on the skin”222. The virus left remarkable scars on faces of 
people who had smallpox, but survived. The term small pockes (pocke meaning sac) was first used in 
England at the end of the 15th century to distinguish the disease from syphilis, which was then known 
as the great pockes223. After Edward Jenner privately published a small booklet entitled “An Inquiry into 
the Causes and Effects of the Variolae Vaccinae, a disease discovered in some of the western counties 
of England, particularly Gloucestershire and Known by the Name of Cow Pox224. The Latin word for 
cow is vacca, thus cowpox is variola vaccinia222. Later every immunization procedure conducted by 
inoculation became universally known as vaccination and every immunizing agent termed as vaccine in 
honor of Jenner.  
Vaccines used for the eradication of smallpox 
 In 1967, the WHO began a global program to eradicate smallpox. That year, more than 10 million cases 
of the disease and 2 million deaths had occurred in 42 countries, but in the following year more than 
100 million people were vaccinated under the program225. Thanks to the heroic vaccination work, the 
WHO’s smallpox eradication committee declared in 1980 that smallpox, the deadliest virus had been 
eradicated226. Nearly 200 years after Jenner’s introduction of vaccination, his treatment saved more lives 
than anyone else in history. Many vaccinia strains from different sources were used as vaccines in the 
global smallpox eradication effort. In the United Kingdom, the Lister strain was used for vaccination 
beginning in 1892 and this strain was used throughout Europe, the strain NYCBH, originally derived 
from England (1856), was used in the USA and the strain Temple of Heaven (Tian Tan) in China227,228. 
In laboratories the most widely used vaccinia strain is the Western Reserve (WR) strain. It has a long 
history as it was first cultured in rabbits, followed by mice and recently in laboratory cell cultures228. It 
was rarely subjected to clonal purification, therefore it originally contained a mixture of viruses69. The 
VACV strain WR is adapted to neuronal cells, making it unsuitable for use as a vaccine229,230, 




Genome and gene organization of VACVs 
 VACV strains have linear, large (almost 200 kbp long), double-stranded DNA (dsDNA) genomes. The 
two strands of the DNA molecule are covalently cross-linked at both termini206. In addition, the VACV 
genomes contain very long inverted terminal repetitions of approximately 10 kbp pairs. These ends are 
evolutionally hypervariable, containing many deletions, truncated ORFs and complex, symmetrical 
sequence rearrangements206. The genomes of VACV strains differ from the genome of variola virus 
mainly in the inverted terminal repeat (ITR) regions ( 
Figure 4), where non-essential protein coding genes are located, determining the host range and 
immunogenicity of Orthopoxviruses231,232. In contrast, the central region of the genome is highly 
conserved among Orthopoxviruses206,233. This conserved core region comprises approximately 75% of 
the complete sequence of cowpox virus, and cowpox virus strains contain every gene present in all other 
Orthopoxvirus strains. Viral genes encoded in the central portion of the poxvirus genome generally code 
for proteins involved in viral replication, transcription, assembly and release of virions, supporting a 
reductive  evolution of VACV234. Interestingly the GC-content of Orthopoxviruses is generally low, 
including VACV, which is 33.4% in total235. Genes are arranged in a tight, tandem orientation within 
the genome and separated by short intergenic sequences236. 
 
Figure 4 Structure and organization of the core genome region of vaccinia virus. ITR, inverted terminal 
repetitions. From Christopher et al. 2016237 
Protein coding and hypothetical protein coding genes are annotated in the reference genome, but current 
GenBank annotation does not contain cis-regulatory elements and untranslated regions (UTRs) 
(GenBank accession no. NC_006998). The nomenclature of genes follows the VACV Copenhagen 
strain’s nomenclature, namely letters and numbers symbolize the HindIII digested fragments of the 
genome followed by L or R symbolizing the direction of a given ORF (e.g. D7R or D8L, Figure 4). 
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VACV genomes contain at least 200 ORFs, the exact number of annotated ORFs varies between 
201-263 depending on the strain238. 
Life cycle and replication of VACV 
 VACV produces two infectious forms during the assembly of virions: the intracellular mature virus 
(IMV) and the extracellular enveloped virus (EEV) Both particles enclose an identical DNA-containing 
core, which contain one or two viral membranes, respectively207. IMV is surrounded by a membrane 
from the trans-membrane Golgi network, while EEV’s outer membrane is derived from the plasma 
membrane of host cell and contains viral structural proteins. The enveloped IMV enables efficient virus 
dissemination to the cell surface on microtubules, while EEV is responsible for cell-to-cell spread of the 
virus239. VACV particles are internalized into host cells by virus-induced micropinocytosis and the final 
step of entry is the release of the viral core into the host cell cytosol by a membrane fusion event240. 
After gaining entry into the cytoplasm, vaccinia virus begins transcribing early mRNAs241, meanwhile 
the protein content of lateral bodies are proteolytically dissolved and the core undergoes an expansion 
to prepare for genome activation and an immediate immunomodulation of host cell antiviral response240.  
 While other mammalian DNA viruses, like Herpesviruses, must reach the nucleus to replicate, 
poxviruses, together with African swine fever virus (Asfarviridae), replicate in the cytoplasm within 
compartments called viral factories (VFs)242. VFs are initially compact structures within the cytoplasm, 
which are surrounded by endoplasmic reticulum membranes to provide appropriate place for 
transcription and translation of viral mRNAs in addition to virion assembly243. Each of these factories 
are developed from a single virus particle after entry, therefore recombination between two viral 
genomes is impeded244. VACV genome encodes a viral DNA Polymerase. DNA starts to replicate about 
3h p.i., which is a prerequisite of late gene expression243.  The ITR sequence is only 0,7 kbp long in 
variola virus, which likely represents the minimal genetic element necessary for proper DNA 
replication245. By comparison ITR of VACV is 10 kbp long, it contains tandem repeat sequences at the 
very end of genome, which are only about 0.5 kbp long and help to build a hairpin-like structure. These 
terminal repeat sequences are thought to be the origin of replication of VACV246.  
Transcriptomics of VACV 
 Biology of VACV is well documented in the literature. Smallpox, and later VACV, was used as a 
recombinant vector in oncolytic cancer therapy, because it replicates in the cytoplasm and its genome 
permits cloning large foreign sequences247–250. Early studies on VACV transcriptome were performed 
with Northern-blot251,252combined with in vitro expression studies253–257 and resolved expression 
profiles of single genes258, while microarray data were used to analyze the time course changes of genes 
expression of all VACV ORFs and host genes in parallel259. Other microarray data showed a new class 
of immediate early (IE) expressed genes41. Illumina sequencing showed that  VACV incorporates viral 
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transcripts into virions during maturation –like Herpesviruses -  and these RNAs may play important 
roles in immune evasion upon arrival into host cells260. SOLiD and Illumina deep sequencing platforms 
were also used to determine the precise 5′ and 3′ ends of early VACV RNAs261,262. Late RNAs showed 
pervasive transcription initiation and termination263 and these results, obtained with SRS techniques, 
suggest extensive read-through, particularly in late genes262. Several articles include SRS technique-
detected distinctive cis regulatory elements of early, intermediate and late promoters. Early transcripts 
have a TTTTTNT consensus box followed by a pyrimidine rich motif for transcription termination at 
their 3’ end, which is not recognized late in infection264. A characteristic feature of early transcripts is 
their exact 3’ ends in contrast to late transcripts, which delineate extensive polymorphism, therefore 
transcriptional read-through is frequently seen between the adjacent, tandemly oriented genes261,262. Two 
unusual features place poxviruses in a distinct group among DNA viruses. In contrast to their host cell, 
splicing is totally lacking in VACV transcriptome and the presence of poly(A) leader sequences at the 
5’-end of transcripts promote translation of viral265 transcripts, and regulate host mRNA decay265. A/T 
composition situated upstream to post-replicative promoters determines which intermediate genes show 
mixed expression activity, they can enhance transcription at a late time point of infection suggesting 




Aims of the study 
 Genome wide SRS studies on VACV transcriptome have determined hundreds of TSS, TES and 
unusual TSSs originated within ORFs, however these TSS and TES positions could not be linked 
together only by SRS technique, because of the transcriptional complexity of VACV. Our major goals 
were the following: 
 -genome reconstruction based on full-genome-covering, overlapping cDNAs 
-base-pair precision determination of 5’ ends of transcripts by cap-selected cDNA library 
sequencing; 
-determination of 3’ ends of transcripts by sequencing oligod(T)-captured transcripts; 
-validation and annotation of VACV RNAs by linking TSS and TES positions together; 
-annotation of transcript variants, detection of transcript isoforms. 
VZV is a well-known human pathogen Herpesvirus, its transcriptome had been analyzed by SRS 
technique, however mRNAs and non-coding RNAs of VZV have not been studied by long read 
sequencing techniques. Exact positions of transcripts were known in some cases, however the majority 
of mRNAs of VZV remained undefined. Our major aim was to characterize and reannotate the 
transcripts of VZV produced in lytic infection and provide a new, comprehensive transcriptomic 
landscape of the virus. Our aims were therefore the following: 
-base-pair precision determination of 5’ ends of transcripts by cap-selected cDNA library 
sequencing; 
-determination of 3’ ends of transcripts by sequencing oligod(T)-captured transcripts; 
-validation and annotation of VACV RNAs by linking TSS and TES positions together; 
-annotation of transcript variants, detection of isoforms. 
Nanopore sequencing enables the detection of complex network of intro-exon junctions, therefore new, 
alternative splicing detection in VZV transcriptome was another goal of the study. Two transcriptomes 





Propagation of VZV and purification of RNA 
The live attenuated OKA/Merck strain of varicella zoster virus (VZV) was cultured at 37°C in human 
primary embryonic lung fibroblast cell line (MRC5), the cells were harvested, when displaying 
cytopathic changes. For subsequent propagation of the virus, infected cells were used to inoculate MRC5 
cultures previously grown to full confluence at a ratio of 1:10 infected to uninfected cells. The cultures 
were then incubated at 37 C for 5 days, when the cytopathic effect was near 100%. Total RNA was 
isolated using the Nucleospin RNA Kit (Macherey-Nagel) according to the manufacturer’s protocol. 
gDNA was digested with the RNase-free rDNase solution. To eliminate residual DNA contamination a 
subsequent TURBO DNase treatment (Thermo Fisher Scientific) was conducted. From 35 μg of total 
RNA the poly(A)+ RNA fraction was isolated using the Oligotex mRNA Mini Kit (Qiagen). RNA 
samples were stored at -80°C until use.  
Oxford Nanopore MinION oligo(d)T sequencing and barcoding of VZV’s cDNA 
The cDNA library was prepared using the Ligation Sequencing kit (ONT SQK-LSK108) according to 
the modified 1D strand switching cDNA by ligation protocol. In short, the polyA(+) RNA fraction was 
reverse transcribed (RT) using an oligo(d)T-containing primer [(VN)T20 (Bio Basic)]. The RT reaction 
was carried out using SuperScript IV enzyme (Life Technologies); a strand-switching oligo [containing 
three O-methyl-guanine RNA bases (PCR_Sw_mod_3G; Bio Basic)] was added to the sample. The 
cDNA was amplified by using KAPA HiFi DNA Polymerase (Kapa Biosystems) and Ligation 
Sequencing Kit Primer Mix. End repair was carried out on the samples using NEBNext End repair/dA-
tailing Module (New England Biolabs), which was followed by “barcoding” (ONT PCR Barcoding Kit 
96; EXP-PBC096) according to the 1D PCR barcoding (96) gDNA protocol. The barcoded sample was 
amplified by PCR using KAPA HiFi DNA Polymerase. The PCR product was end-repaired, and then it 
was followed by adapter ligation using the sequencing adapters supplied in the kit. The cDNA sample 
was purified between each step using Agencourt AMPure XP magnetic beads (Beckman Coulter). 
Samples were loaded on R9.4 SpotON Flow Cells, while the base calling was performed using Albacore 
v2.1.10 software. 
Cap selection, cDNA synthesis and sequencing 
For the precise determination of TSSs, the abovementioned ONT’s 1D strand switching cDNA by 
ligation protocol was combined with a 5’-cap specific protocol. The cDNA sample was prepared from 
total RNA using the TeloPrime Full-Length cDNA Amplification Kit (Lexogen); RT reaction was 
performed by using the oligo(d)T-containing primer (5′ - 3′:CTCAGGCGTTTTTTTTTTTTTTTTTT). 
The RT product was purified by using spin column-based method (Lexogen kit). Adapter was ligated to 
the 5’C of the cap of the RNA by a double-strand specific ligase enzyme (Lexogen Kit). The Second-
Strand Mix and the Enzyme Mix (both from the TeloPrime Kit) was used to produce double-stranded 
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cDNAs according to the kit’s guide. Then samples were amplified by the TeloPrime Kit’s manual. The 
generation of the sequencing-ready library from this sample was based on the 1D strand switching 
cDNA by ligation protocol from ONT (Ligation Sequencing kit (SQK-LSK108) as described above. We 
used barcoding for the better in silico identification of the transcripts’ ends. The library was sequenced 
on the abovementioned flow cell, basecalling was carried out using Albacore v2.1.10. 
Targeted sequencing of NTO transcripts 
Validation of the TSSs of three ‘near the transcription origin’ (NTO) transcripts, and the spliced isoforms 
of the region was carried out using targeted long-read sequencing. The cDNA library was prepared using 
the ONT 1D sequencing and barcoding protocol with the following modifications: we used ribodepletion 
instead of poly(A) selection, and target-specific primers (ordered from IDT) were applied instead of 
oligo(dT)-priming for the cDNA preparation. The target-specific primers used in this study are listed in 
Supplementary Supplementary Table . 
Data analysis and alignment 
Reads resulting from ONT sequencing were aligned to the reference genome of VZV (GenBank 
accession: NC_001348.1) and the host cell genome (Homo sapiens - GRCh37, BioProject number: 
PRJNA31257) using GMAP v2017-04-24 267. In order to annotate the 5’ and 3’ ends of reads, an 
algorithm was developed, which constituted the core algorithm of a new transcript annotation toolkit 
called LoRTIA (Long-read RNA-Seq Transcript Isoform Annotator). The detailed description of the 
computation is found in Prazsák et al. (2018)268. The 5’-ends of the rare long reads were inspected 
individually using the Integrative Genome Viewer (IGV) 269. Poly(A) tails were defined using the same 
algorithm and parameters, by mapping 15nt of homopolymer As or Ts to the soft-clipped region on the 
read’s end. Read ends with a score below 14 or with more than 5 As/Ts directly upstream their positions 
were considered artefacts of false priming, and were discarded. Transcription end sites (TESs) were 
defined using the same criteria for the Poisson-probability as in case of TSSs. The computational 
pipeline is outlined on the Supplementary Figure 1. 
Annotation of transcripts and splice junctions 
Reads passing both criteria and present in more than three copies were considered as “certain transcript 
isoforms”. Those with less than three copies or the longest unique reads with questionable 5’ ends were 
considered “uncertain transcript isoforms”. Reads with sequencing adapters or poly(A) tails on their 
both ends were discarded, except for complex transcripts, which were individually inspected using IGV. 
Reads with a larger than 10nt difference in their 5’ or 3’ ends were considered novel length isoforms (L: 
longer 5’ UTR, S: shorter 5’ UTR, AT: alternative 3’ termination). Short length isoforms harboring a 
truncated version of the known open reading frame (ORF) were considered novel putative protein 
coding transcripts, and designated as ‘.5’. If multiple putative protein coding transcripts were present, 
then the one with the longest 5’ UTR was designated ‘.5’ and its shorter versions were labelled in an 
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ascending order. Transcripts with TESs located within the ORFs of genes (therefore lacking STOP 
codons) or with TSSs within the coding regions without in-frame ORFs were both considered non-
coding transcripts. Multigenic transcripts containing at least two genes standing in opposite were named 
complex transcripts. If a TSS was not obvious at these transcripts, we assumed that they start at the 
closest upstream annotated TSSs. Splice junctions were accepted if the intron boundary consensus 
sequences (GT and AG) were present in at least ten sequencing reads and if the frequency of introns 
was more than 1% at the given region. The relative abundance of the transcript isoforms was calculated 
by dividing the number of reads with the total mapped read counts of the dataset. A ± 10nt-variation 
was allowed at both the TSS and TES of sequencing read for considering them as certain transcript 
isoforms. To assess the homology of protein products possibly translated from the ORFs of novel 
transcript isoforms we used the online BLASTP suite 270, with an expected threshold of 10.  
Analysis of hyperediting 
To evaluate the effect of hyper-editing on the secondary structure of RNAs, we used the ‘RNAstructure 
Software’ suite271. To simulate the presence of inosine, we changed the edited adenines to guanine. 
Reads were visualized using the Geneious 272 software suite and IGV. 
Cell culture and propagation of VACV; RNA purification of VACV 
African green monkey kidney fibroblast (CV-1) cells were infected with 3 ml of VACV at 10 MOI/cell 
and were incubated at 37°C for 1,2,3,4,6,8,12 and 16 hours in a humidified 5% CO2 atmosphere. The 
experiment was performed in duplicate. Total RNA was extracted from the VACV infected CV-1 cells 
in various stages of viral infection using the Macherey-Nagel RNA Kit, according to the Kit’s manual. 
Poly(A) RNA fractions were isolated from the total RNA samples by using the Oligotex mRNA Mini 
Kit (Qiagen) following the protocol. The rRNAs were removed from the samples for the analysis of 
non-polyA RNAs using the Ribo-Zero Magnetic Kit (Illumina). The whole experimental design is 
described in the Supplementary Table 4, Supplementary Figure 7. 
PacBio RSII & Sequel sequencing 
cDNAs were generated from the polyA(+) RNA fractions by applying the SMARTer PCR cDNA 
Synthesis Kit (Clontech), according to the PacBio ‘Isoform Sequencing (Iso-Seq) using the Clontech 
SMARTer PCR cDNA Synthesis Kit and No Size Selection’ protocol.  The samples derived from 
different infection time points 1, 4, 8, and 12 hours pi) were mixed together for the RSII library 
preparation, however the time points (1, 2, 3, 4, 6, and 8 hours pi) were used individually for the 
production of libraries for the Sequel sequencing. A cDNA sample was prepared form an rRNA-depleted 
RNA mixture (from the 1, 4, 8, and 12 hours) with modified random hexamer primers instead of the 
SMARTer Kit's oligo(d)T-containing oligo. Samples were used for SMRTbell template preparation, 
using the PacBio DNA Template Prep Kit 1.0. SMRTbell library preparation and sequencing was briefly 
the following: primer annealing and polymerase binding reactions were carried out using the DNA 
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Sequencing Reagent Kit 4.0 v2 with DNA Polymerase P6 for RSII platform, whereas the Sequel 
Sequencing Kit 2.1 and Sequel DNA Polymerase 2.0 were applied for sequencing on the Sequel. The 
PacBio’s MagBead Kit (v2) was used for the reaction. 240 or 600 minute movies were captured using 
the RSII and Sequel machines, respectively. One movie was recorded for each SMRTcell. The PacBio 
library preparation is depicted on the Supplementary Figure 8.  
ONT MinION platform – cDNA sequencing of polyA(+) RNAs 
The polyA(+) RNA fraction was used for cDNA sequencing on the ONT’s MinION device. RNAs from 
different infection time points were converted to cDNAs according to the ONT 1D SQK-LSK108 
protocol. From the samples an RNA mixture were prepared for sequencing but the time points were also 
sequenced individually. Libraries were generated by using the above mentioned 1D ligation kit and 
protocol, and the NEBNext End repair/dA-tailing Module NEB Blunt/TA Ligase Master Mix (New 
England Biolabs), according to the kits’ manuals, as it is described in the VZV Methods section. PCR 
products derived from the mixed RNA sample were size-selected manually and then run on Ultrapure 
Agarose gel (Thermo Fischer Scientific), followed by the isolation of 500 bp+ fragments with the 
Zymoclean Large Fragment DNA Recovery Kit (Zymo Research). The individually sequenced cDNAs 
were barcoded with the combination of two ONT protocols: the 1D protocol was used until the first end-
preparation step, which was then followed by the barcode ligation step using the ONT PCR Barcoding 
Kit 96 (EXP-PBC096): the barcode adapters were ligated to the end-prepped samples by using the 
Blunt/TA Ligase Master Mix (New England Biolabs).  
ONT MinION platform – Library preparation from Cap-selected samples 
 For more accurate definition of the TSSs of the full-length RNA molecules, a 5’-Cap-specific cDNA 
generation protocol was followed and combined with the ONT 1D cDNA library preparation method. 
The cDNAs were produced from a mixture of total RNA samples (1, 2, 3, 4, 6, 8, 12, and 16 hours’ pi) 
by using the TeloPrime Full-Length cDNA Amplification Kit (Lexogen). The amplified PolyA- and 
Cap-selected samples were used for the library preparation following the ONT’s 1D strand-switching 
cDNA by a ligation method (ONT Ligation Sequencing 1D kit) as it is described in the VZV Methods 
section. The ONT cDNA libraries and the Cap-selected samples were loaded onto 3 and 2 ONT R9.4 
SpotON Flow Cells for sequencing, respectively. The runs were carried out using MinKNOW 
application (ONT), .fast5 files were basecalled both Albacore v2.1.10 and checked by Guppy2.3 
software also. 
Analysis of reads, mapping and annotation of TSS and TES positions and transcripts  
The PacBio consensus reads of insert (ROI) reads were created from the RSII raw data using the 
RS_ReadsOfInsert protocol (SMRT Analysis v2.3.0), The ROIs from the Sequel dataset were generated 
using SMRT Link5.0.1.9585. Bioinformatical steps were performed in Ubuntu/Linux operational 
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system in python3. The ONT's Albacore software v.2.0.1 (Albacore, RRID:SCR_015897) was used for 
the MinION base calling. The newest release of the ONT’s Guppy (Guppy v.3.6.0) was also used for 
basecalling with the aim to validate the TSS and TES positions. The PacBio ROIs and the ONT raw 
reads were aligned to the reference genome of the VACV (LT966077.1) and to the host cell 
(Chlorocebus sabaeus) (GenBank RefSeq assembly accession: GCA_000409795.2 [latest] using 
minimap2 aligner (version 2.13) with options -ax splice -Y -C5 –cs. Mapping was performed with 
minimap2 tool273 with the following command: minimap2 -ax splice -Y --cs /mnt/reference_genom.fasta 
/mnt/input/file.fastq > /mnt/output/file.sam. Mapping was followed by the application of the LoRTIA toolkit 
(https://github.com/zsolt-balazs/LoRTIA) for the determination the 5’ and 3’ ends of transcripts, as well 
as for detecting the full-length reads with the following commands: #LoRTIA -5 TGCCATTAGGCCGGG --
five_score 14 --check_in_soft 15 -3 AAAAAAAAAAAAAAA --three_score 14 -s poisson -f True 
/mnt/d/Data/MinION/Mappings/input_pA.sam /mnt/d/Data/MinION/Mappings/reference.fa and in case of cap-
selected sample: #LoRTIA -s poisson -f True /mnt/d/Data/MinION/Mappings/input_cap.sam 
/mnt/RefGenomes/reference.fa. The output bed files from cDNA sequencing were visualized by Circos 
plot 274. The computational pipeline is drafted on the Supplementary Figure 9. 
Nomenclature of transcripts  
The novel ORFs and transcripts were named according to the common (Copenhagen) HindIII fragment 
letter/number-based nomenclature (e.g. A1R)275,276. Previously described ORFs were not renamed and 
our scheme allowed for future additions of novel transcripts. Multicistronic transcripts were named for 
all contributed ORFs, the most upstream ORF was listed first. The most abundant transcript isoform 
specified by a given gene named as the canonical (main) transcript. The 5’ length isoforms were 
represented with an “s-“, or “l-“ prefix (short and long respectively). Variations in 3’ ends were 
represented with “-AT” meaning alternative termination. Internal, or embedded, possible protein coding 
genes were named with a “.X” affix (X=1-9), where “.5” variant represented about the half of the main 
transcript. Isoform categories are presented on the Supplementary Figure17. 
Prediction of cis-regulatory sequences  
Sequences at 100 nt upstream of a given TSS were extracted and an in house script based on the GPMiner 
promoter prediction tool 277,278 was used for analysis of upstream cis-regulatory sequences of novel 
transcript. We used the eukaryotic promoter database of GPMiner and the Vaccinia early promoter 
motif261,262 and late promoter motif263 was picked up and visualized by the GeneiousR10 Motif Finder 
tool279 allowing one substitution in the string. Promoter statistics was calculated by Mann-Whitney U 





Results of VZV analysis 
Structure of VZV transcriptome; number of sequenced reads in VZV transcriptome 
 In order to get a comprehensive picture about the lytic transcriptome of VZV we isolated oligod(T) 
selected RNA from human fibroblast cells infected with vOKA strain of VZV. Then we prepared and 
three different sequencing libraries, a cap-selected, a non-cap selected and a target sequencing library 
respectively on MinION LRS platform. Table 1. summarizes the number of reads obtained from the 
sequenced samples. For mapping of viral reads, the VZV reference genome (GenBank Accession: 
NC_001348.1) was used.  
Sequencing library Cap-selected (bp) Non-cap selected (bp) Targeted (bp) 
all reads 6918054 619687 1792059 
mapped viral reads 614192 66455 328118 
average read length 294 1349 651 
average coverage 1200 625 1710 
Table 1. Sequenced read number in three different sequencing library of VZV transcriptome 
Targeted sequencing was used only for confirming some special transcripts at the Ori region, therefore 
it was not included in the transcript annotation process. This technique yielded 1,792,059 reads of which 
18% mapped to the VZV genome. The 2.41% of the targeted reads mapping to the VZV genome 
included the target-specific primers and mapped to the correct position, whereas, 24.112% of the reads 
included the primer but mapped off-target, while on the rest of reads the target-specific primer was 
missing. These latter two categories could be a result of nonspecific priming or template switching. 
 Sequencing of the cap-selected samples yielded 6,918,054 reads, of which 614,192 mapped to the viral 
genome, with an average coverage of 1,200, and 6,303,862 reads mapping to the host cell. This latter 
technique performed poorly in VZV, which was indicated by the short average aligned read length (294 
bp) (Figure 5.a) Intriguingly, we obtained the same poor result with other herpesviruses, including PRV 
and HSV-1 280,281, however, the cap-selection technique performed very well in VACV 282. This 
phenomenon could be elucidated by the higher GC-content of Herpesviruses, than Orthopoxviruses 
(PRV: 73%, HSV-1: 68%, VACV: 33%), however VZV has only 46% GC-content. These results 
together with an analysis of the nucleotide distribution at the vicinity of the 5’-ends in the cap-selected 
datasets (Figure 5.b) demonstrate that the read length of cap-selected RNA-s is not determined by the 




Figure 5. The read length distribution of cap-selected and non-cap-selected RNAs. a. The frequency of 
the reads of the cap-selected and non-cap-selected sequencing binned by 200 nucleotides shows that the 
cap-selected reads are skewed towards shorter read lengths. b. The fraction of each nucleotide in the 
vicinity of the 5′ ends of the cap-selected reads shows random distribution, suggesting that the short 
read lengths are not caused by the presence of a specific nucleotide on the RNA but other, yet unknown 
reason 
 In total, we detected 1124 5’-ends and 255 3’-ends in the non-cap-selected read population, and 1428 
5’-ends and 279 3’-ends in the cap-selected dataset. Data are listed online in Prazsák et. al. (2018 
Supplementary tables 1-4)283. We analyzed the end positions of reads with LoRTIA transcript annotator 
tool to obtain TSS and TES positions. The number of 5’-ends qualifying as a putative TSS was 10.86% 
of the total 5’-end positions, while 32.95% of the total 3’-end positions turned out as TES (Table 2). 
Furthermore, we excluded 49 5’-ends and 16 3’-ends from the non-cap-selected and 21 5’-ends and 16 
3’-ends from the cap-selected datasets because they proved to be the products of false priming.  
 Non-cap-selected Cap-selected 
Filtering method 5' ends 3' ends 5' ends 3' ends 
None 1124 255 1428 279 
Peak analysis and Poisson probability 151 92 202 116 
Template switching/false priming 102 76 181 100 
 
Table 2. The number of read ends following each step of filtering. 
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Using the ONT MinION sequencing platform, we confirmed 18 previously known TSSs and nine TESs. 
Additionally, we could annotate 124 new putative TSSs and 71 TESs, if we used the common section 
of cap- and non-cap-selected methods. 
 Transcription machinery needs cis-acting sequences for effective transcription. Therefore the sequences 
upstream of the TSSs and TESs detected by LoRTIA tool were analyzed in silico to extract genomic 
regions to look for putative GC-, CCAAT- and TATA-box motifs, and Poly(A) signals (PASs), by motif 
searching (Table 3).  




Nr. of transcripts Mean 
Distance 
SD 
GC-box -150 to 0 41 55 93.28 33 
CCAAT-box -150 to -40 19 27 93.91 23 
TATA-box -35 to -25 26 44 31.67 1.5 
PAS -50 to 0 61 169 16.11 8.86 
Table 3. Putative promoter sequences and Poly(A) signals (PASs) of the VZV transcripts. The search 
range position 0 is the position of the TSS in GC-, CCAAT- and TATA-boxes and is the position of the 
TES for PAS. The distance was calculated between the position of the TSS/TES and the last nucleotide 
of the motif. 
 An enrichment of As and Us in an interval of up to -10 nt upstream of the putative TES, and an abundant 
GT-rich region downstream in the +10 nt interval was also detected. After transcript annotation, we 
could annotate altogether 240 novel transcripts of which 143 were confirmed by at least three reads. 
Additionally, we mapped the TSS and TES of 37 previously known transcripts - described by others -  
lacking former mapping of RNA end positions (these are listed in the original article’s online 
supplement284). 
New putative mRNAs of VZV transcriptome 
 Coterminal transcriptional units representing embedded genes with common polyA signals are 
characteristic features of alpha herpesviruses. Transcripts embedded into larger RNA molecules are 
easily detected by the LRS techniques. If such a transcript contains an in-frame ORF shorter [truncated 
(t)ORF] than that of the host ORF, it can be considered as a putative mRNA potentially coding for an 
N-terminally abridged polypeptide. Earlier in silico approaches have annotated the VZV ORFs 125,130 
one of which (the orf33.5) is a tORF. Our analysis reported the identification of 25 embedded viral 
transcripts containing tORFs. We could identify promoters for 10 of these transcripts (Table 4). Three 
of the 25 transcripts (ORF13.5, ORF54.5-53, and ORF62.3) contain strong Kozak consensus sequences 
near their AUGs, while 19 have at least one of the two essential nucleotides present on their -3 or +4 
positions. Eighteen of these possibly protein-coding VZV transcripts contain a canonical PAS. We also 
determined the TSSs and TESs of 25 mRNAs whose ORFs had earlier been described (Supplementary 
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Figure 2). The TSS and TES of these monocistronic mRNAs were not characterized before by any other 
means. Common promoter sequence motif can be found in cases of 12 of these transcripts and 19 have 
a canonical PAS upstream their TESs (Table 4.). 
Non-coding transcripts of VZV transcriptome 
 The ncRNAs are transcripts without the ability to encode proteins. They lack ORF and cis-acting 
elements for translation. ncRNAs can overlap coding sequences of their host genes in the same 
orientation or in the opposite orientation [antisense (as)RNAs], or they can be located between genes, 
in intergenic region. The 5’-truncated transcripts have their own promoters but share the PASs and TESs 
with the host transcript, while the 3’-truncated RNAs are controlled by the same promoters as the 
canonical transcript in which they are embedded but have no in-frame ORFs. We found twenty-three 
novel non-coding transcripts, which are belonging to long non-coding (lnc)RNAs exceeding 200 bps in 
length per definition, while five of them are small non-coding (snc)RNAs with a size below 200 bps. 
We also detected one intergenic and seven antisense ncRNAs, all of them being controlled by their own 
putative promoters. In total, 17 of the novel ncRNAs contain a canonical promoter sequence, while 21 
have a canonical PAS. The non-coding transcripts ORF42-43-AS and ORF35-AS overlap multiple 
canonical mRNAs. The transcript ORF42-43-AS stands in antisense orientation with respect of 
ORF42/ORF45-SP-1 and ORF42/ORF45-SP-2, while in tail-to head orientation with ORF43 and 
ORF43-44. ORF35-AS stands in antisense orientation with the polycistronic transcript ORF35-34-33 
and in tail-to-head orientation with ORF36 and ORF36-S and ORF36-37 (Supplementary Figure 2). The 
LAT RNA has been described in every member of the alpha herpesvirus subfamily285,286, including 
VZV163. We confirmed the existence of four previously detected lytic isoforms of VLT (VLTly) of which 
two are TSS isoforms, one is a splice variant and one is both a TSS isoform and a splice variant 
(Supplementary Figure 3).  
5’- and 3’-UTR isoforms of VZV transcriptome 
 Twenty-two and five transcript isoforms were identified altogether with the non-cap-selected, and cap-
selected dataset, respectively with a relative abundance higher than 1%. The 5’-UTR isoforms (TSS 
variants) start upstream or downstream of the TSS of the earlier annotated main transcripts, and their 
expression is regulated by their own promoters. 3’-UTR isoforms (TES variants) contain distinct PAS 
and their polyadenylation occurs upstream or downstream of the TES of the main transcript. In this 
report, we detected 18 novel 5’-UTR length variants, 7 being shorter and 11 being longer than the earlier 
annotated transcript isoforms. We found canonical promoter sequences in 10 of the 5’-UTR isoforms. 
Additionally, we detected eight 3’-UTR length isoform, all with a canonical PAS. An intriguing finding 
is the putative TSS at the genome position +4 belonging to the rare transcripts ORF0-1-L-C and ORF0-
1-2-L-C at the extreme termini of UL region (TRL), which suggests the existence of a promoter located 
30 
 
on the other terminal repeat (TRS) of the genome. This putative promoter is supposed to be active in the 
circular form of genome during replication. 
 Promoter mean distance 
upstream from TSS (nt) 
± SD 
PAS mean distance 
upstream from TES (nt) 
± SD 
putative mRNAs 93.85 32.18. 19.44 8.91 
monogenic mRNAs 51.57 33.31 14.96 11.59 
Non-coding RNAs 60.4 35.19 16.35 8.87 
5’ UTR isoforms 94.93 38.58 - - 
3’ UTR isoforms - - 22.75 7.65 
 Table 4. Summary of cis regulatory elements of the novel RNAs of VZV 
Splice sites and splice isoforms in VZV transcriptome 
 Reverse transcription can produce false introns between repetitive sequences of the template RNA due 
to the phenomenon of template switching. In order to exclude these artefacts, we removed low 
abundancy splice sites and reads potentially generated by PCR byproducts. From the initial set of more 
than 1000 unique splice acceptor and donor site candidates, 24 matched our criteria resulting in a total 
of 16 splice isoforms being above the 1% intron depth level of acceptance. Splice events are thought to 
be rare in VZV transcriptome compared to other Herpesviruses. Until now five genes had reported 
spliced variants. We identified twelve novel splice sites and confirmed the existence of nine previously 
described spliced transcripts, all with a consensus GT at the splice donor site and AG at the splice 
acceptor site. Furthermore, two novel splice variants encoded by the ORF42/45 gene were detected. 
ORF63, homologue to the HSV-1 and the PRV us1 gene, is one of the main regulators of VZV 
transcription. In this work, we discovered ten novel splice variants of ORF63. Similarly to the HSV-1 
US1 mRNA, NTO1v1 and the NTO1v3 harbors one intron in its 5’ UTR, while the NTO1v4 is spliced 
twice just as the PRV US1 mRNA287,288 (Figure 6). Furthermore, we found ten (!) novel splice junctions 
of ORF63 splice variants coinciding the recently described VLTly splice variants163, thus they were  
labeled as VLT-ORF63-C (Figure 6). These splice junctions were confirmed using targeted sequencing 
as well. It is noted that one of the splice donor sites, present in both NTO1v1 and NTO1v2 is GC, which 
differs from the canonical splice donor sequence (GT). We detected all of the three ORF50 splice 
isoforms (ORF50A, B, and C) previously described 142, but ORF50C occurs in relatively low abundance 
in our dataset, below our acceptance threshold. However, we detected another new splice variant in low 
abundance in the ORF50 cluster and named it ORF50D. All of the newly detected splice variants are 
listed in the end of this work in the Supplementary Table 3. In four detected novel isoforms, splicing 
affects the sizes of the ORFs, all producing hypothetical proteins truncated near the N-terminal. Roviš 
and colleagues289 have identified the majority of VZV proteins using monoclonal antibodies. In some 
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cases, lower-size bands appeared in their Western blots, which they explained to be the result of putative 
post-translational modification or proteolytic cleavage. In view of our long read transcriptomics results, 
we can raise the question of whether splicing is a possible option for these nonspecific protein isoforms, 
listed in Table 55.  













ORF5-4-SP ORF4: 452 452 5’ UTR 4141 2783 
ORF12-13-SP ORF12: 661 233 in frame, 
5’truncated 
16214 17088 





380 in frame, 
5’truncated 
82593 78969 
ORF50D ORF50: 435 - - - - 
NTO1v1 
(ORF63-SP-1) 
ORF63: 278 278 5’ UTR 110581 111417 
ORF63-SP-2-
C 
ORF63: 278 278 5’ UTR 110581 111417 
ORF67-SP 354 311 in frame, 
5’truncated 
114496 115559 
Table 5. Proteins and hypothetical proteins produced by the novel spliced transcripts. 
Figure 6. a. Transcripts neighboring OriS. The ORF63 of VZV, similarly to the HSV-1 US1 has a two-
exon-containing splice isoform. The target-specific primers used to confirm the TSSs of VZV’s NTO2, 
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NTO3, NTO4 are shown as green arrows b. VZV expresses non-overlapping non-coding RNAs in the 
proximity of OriS (blue arrows). 
Near-replication-origin (nro)RNAs – a novel class of transcripts 
 Our research group reported that PRV expresses transcripts located near the replication origins86. These 
transcripts have been named CTO family –which means “close to Ori”- (including CTO-S, CTO-S-AT, 
CTO-M, and CTO-L) at the OriL and the PTOs (PTO and PTO-US1) 85 at the OriS. Expression of 
nroRNAs has also been described in HSV-1 (OriS-RNA:290) and in HCMV (OriLyt:291; RNA4.9:292). 
VZV genome contains OriS, and probably lacks the replication origin at the UL segment – although 
Khalil et al. showed that OriS mutations do not completely impede VZV replication in cell culture, 
suggesting an alternative, hidden OriL293. We identified nine nroRNAs starting in the proximity of VZV 
OriS. The NTO1v1, NTO1v3, and NTO1v5 are the spliced long TSS variants of ORF63 producing a 
long fusion transcript, while the NTO1v2, NTO1v4, and NTO1v6 are the spliced long TSS variant of 
ORF64 (Figure 6a). NTO2 starts at the same TSS as NTO1v1 but terminates 30 bp downstream of its 
splice donor site. The 5’ end of the reads of NTO3 and NTO4 are positioned downstream of NTO2. 
These transcripts were present in our cap-selected but not in the non-cap-selected sample presumably 
because of their low abundance. In order to augment the detection of these transcripts, we used target-
specific primers (Supplementary Table 1.) for sequencing library preparation, followed by MinION 
cDNA sequencing. The starting positions detected in the cap-selected sample were not confirmed by the 
targeted sequencing of these transcripts, thus we hypothesize that NTO3 and NTO4 starts at the closest 
upstream confirmed TSS, that of NTO1v1. The arrangement of the NTO transcripts is similar to that 
observed in PRV, where the TSS of the PTO-US1 (positionally similar to the NTO1v1) is located at the 
same genetic locus as PTO (locationally similar to the NTO2, NTO3 and NTO4, but not homologous) 
(Figure 6b). In silico analysis revealed that the poly(A) cleavage sites of NTO2, NTO3, NTO4 are 
located within a canonical CA element, downstream from the TES and their polyA signals are either 
canonical or a CTTAAA, or an ATATAA respectively294,295. No enrichment of adenines was observed 
in the genomic region of the TES-s in any of the three NTO transcripts, which would be the source of 
strand switching or false priming. 
Polycistronic and complex transcripts 
 A major issue of SRS, as wells as microarray and quantitative PCR approaches is that they have severe 
limitations in distinguishing between monocistronic and polycistronic transcripts. In contrast, LRS 
sequencing is suitable for making this distinction, and it is particularly superior in the detection of low 
abundance multi-genic transcripts. We identified 33 hitherto unknown, long polycistronic RNAs in VZV 
transcriptome, including four complex transcripts. Complex transcripts are polycistronic RNAs that 
contain one or more genes in opposite orientations, therefore antisense sequences on the complex 
transcripts are unable to encode proteins. Furthermore, we also detected ten complex transcripts in low 
abundance in the region of VLT, seven of which are co-terminal with ORF63 and three with ORF64. 
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These transcripts overlap with several oppositely oriented coding sequences and are spliced in a similar 
manner as the VLTly isoforms (Figure 7).  
 In silico analysis detected an in-frame ORF incorporating the coding sequence of ORF63 (it has an 
upstream AUG). This results in VLTly-ORF63-C1, VLTly-ORF63-C4, VLTly-ORF63-C5, VLTly-
ORF63-C6 and VLTly-ORF63-64-C1 encoding hypothetical proteins whose N-terminal is longer with 
88 amino acids (aa) than the one encoded by the orf63 gene, while the VLTly-ORF63-C2; VLTly-ORF63-
C3 and the VLTly-ORF63-64-C2 encoding hypothetical proteins with 179 aa longer than those coded by 
orf63 (Figure 7). The N-terminal overhangs of the putative proteins show no homology with any other 
known proteins in online databases.  
 
Figure 7. Splice isoforms of ORF63 and ORF64 with a similar splicing pattern as the VLTly 
Transcriptional overlaps 
 Transcripts can overlap each other in parallel (tandem or head-to-tail), convergent (tail-to-tail) or 
divergent (head-to-head) manner (Supplementary Figure 4). RNAs identified and annotated with a 
certain TSS and TES in this work form a total of 481 overlaps, of which 15 are head-to-head, 450 are 
head-to-tail and 16 are tail-to-tail. The transcriptional overlaps can be the result of alternative promoter 
usage (TSS isoforms) or transcriptional read-through (TES isoforms). An example for the latter case is 
the ORF17 and ORF18, which produce non-overlapping transcripts, but the TES isoform of ORF18 
(ORF18-AT), with its additional 89 bps in the 3’UTR, overlaps with ORF17 in a tail-to-tail manner 
(Supplementary Figure 4). 
Upstream ORFs  
 Using in silico methods, we have detected 44 potential (u)ORFs on the 5’-UTRs of 81 VZV transcripts 
(Supplementary Table 9). Five of the longer TSS variants contain more than one uORFs, while their 
shorter isoform does not. We had previously described this phenomenon in HCMV88 and PRV280. The 
average size of an uORF was 54.9 ± 44.64nt (mean ± SD, median=35nt), while the average distance of 
the uORF stop codon from the protein coding ORF’s AUG was 174.84 ± 143.58nt (mean ± SD, 
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median=110nt). This space between the two uORF and the canonical ORF is enough for a potential 
reinitiation event. We identified Kozak consensus sequences in five uORFs (Supplementary Table 2).  
RNA editing  
 The sequencing reads of one of the replication origo associated NTO3 transcript show a very high 
frequency of A to G substitution, which is interestingly not present in the overlapping reads of other 
transcripts. We found that 58% of all substitutions are A->G (Supplementary Figure 5a and b) in the 
reads of NTO3, which is significantly higher than the 12.98% in the overlapping transcripts in the same 
region (p<0.0001, Fisher’s exact test) (Supplementary Figure 5) making 22.07% of all As of the 
transcript edited. The targeted sequencing dataset revealed a similar A->G substitution pattern in the 
NTO3 overlapping reads as the cap-selected data. This suggests a hyper-editing event in NTO3. Using 
the MEME software suite296 we could detect a slight enrichment of the GU dinucleotide preceding the 
editing site resulting in a GUAG base editing motif (the editing site is underlined) (Supplementary 
Figure 5d).  
 Using the ‘RNAstructure’ software suite271, we predicted the secondary structure with the lowest free 
energy of the NTO3 ssRNA (Supplementary Figure 6) and of the NTO3-ORF62-5’ dsRNA hybrid, 
using both the unedited and edited forms of the asRNA (Supplementary Figure 6). When forming an 
intramolecular secondary structure, the unedited form has a higher free energy state than the edited form 
(-143.2 kcal/mol compared to -169.4 kcal/mol), which suggests that hyper-editing confers 
thermodynamic stability to the secondary structure of the RNA. Twelve of the 17 Is may aid in the 
formation of stem structures, while in the unedited RNA only four of the As in the same position have 
a complementing nucleotide. Contrarily, the secondary structure of the dsRNA formed by the edited 
NTO3 and the ORF62 is slightly less stable than that formed by the unedited form (-818.7 kcal/mol 
compared to -822.9 kcal/mol), but allows the formation of identical secondary structures. 
 
Results of VACV analysis 
Genome reconstruction of VACV 
 Due to the high read number and coverage, we reconstructed from transcriptome data the genome of 
VACV as following: viral reads were mapped to the reference genome of Vaccinia Virus Western 
Reserve (WR) strain (GenBank accession no. NC_006998). The mapped reads - sequenced by both 
PacBio and ONT techniques – have an average read count per each nucleotide 289 and 43 in the case of 
PacBio and ONT respectively. Every nucleotide of VACV genome was covered with reads especially 
in late time points of viral life cycle, e.g. 8h p.i. around 80%, and at 12h p.i. the entire VACV genome 
was transcriptionally active. Generally, the PacBio sequencing reads are more accurate, than ONT, 
which is prone to generate mismatches in individual reads, although the consensus sequences can be 
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fairly accurate if coverage is high83. We used the PacBio cDNA data for the reconstruction of VACV 
genome sequence. The length of the reconstructed genome sequence of the WR strain of VACV was 
composed of 194,888 base pairs. The average GC-content was 33.3%, which is in agreement with other 
Chordopoxviruses with low GC-content235.  We annotated 218 protein coding genes. Our data showed 
that the sequenced WR strain differs in 163 point mutations from the reference genome, mainly in the F 
region. The most mutated protein coding sequence was the C9L. Not surprisingly the mutations mainly 
occurred in genes playing role in host defense modulation and transcription regulation. The genome 
sequence of this WR strain of VACV is available from the European Nucleotide Archive under the 
accession number LT966077. 
Long-read transcriptome sequencing of VACV 
 To investigate the transcriptomes of VACV we performed polyadenylation sequencing techniques 
using PacBio isoform sequencing template preparation protocol (Iso-Seq method) for RSII and Sequel 
platforms, and using the ONT MinION device to sequence cDNAs. For nanopore sequencing, we used 
the library preparation approach provided by the ONT company and the Teloprime Cap-selection 
protocol (Cap-Seq) by Lexogen.  In general, the used sequencing techniques achieved high coverage to 
determine both TSSs and TESs of viral transcripts with base-pair precision. However, identification of 
transcript ends (especially, TSSs) was extremely challenging compared to Herpesviruses due to the 
tremendous complexity of the VACV transcriptome. We used a transcriptome annotation tool suited for 
long reads, called LoRTIA297 developed by our group, to obtain viral TSS and TES coordinates.  In total, 
about 1,115,000 reads of inserts (R
OIs) were generated using the PacBio platform (Supplementary Table 1). The nanopore sequencing 
Figure 8. Box plot presentation of the average of aligned read lengths obtained from the applied 
sequencing methods. The reads were mapped to the VACV genome, and the average lengths were 




methods yielded about 535,000 viral sequencing reads altogether. We obtained various mean read 
lengths among the sequenced libraries (1129±126.7 SD in PacBioSMRT and 619±148.2 SD in the ONT 
Minion samples), however both of the ONT MinION 1D cDNA and the 8h Sequel libraries could 
produce the longest aligned reads (>6000bp) (Supplementary Table 6). Average read lengths in each 
libraries are depicted on the Figure 8. For MinION sequencing the cap-seq approach was used to identify 
5’ ends of mRNAs. For 3’ end detection the oligo(dT)-based sequencing protocol was used. We also 
prepared random primed non-polyA(+) RNA fractions to detect and validate TSSs. Our combined 
sequencing approach detected transcriptional activity at every nucleotide of the VACV genome in late 
time points of infections (Figure 10.). 
Transcription start and end sites (TSSs & TESs) 
 We annotated 1073 TSSs of VACV transcripts, 987 of these have not been previously detected. 
Eighteen percent of TSSs matched with base-pair precision to those described by Yang and 
colleagues298–301. This value increased to 70% when we allowed a ± 10-nt, and to 93% once we allowed 
a ± 30-nt precision interval for the location of TSSs (Supplementary Figure 10). Altogether 898 TSSs 
were detected in the ‘regular’ regions of VACV transcriptome (Figure 9,Figure 10). 
 
Figure 9. Jitter plot visualization of transcriptional start site distribution across the VACV genome; 
distribution of TSSs of our annotated transcripts are shown at the top (red dots); the TSSs detected using 
LoRTIA are depicted in the middle (orange dots). TSS positions described by others262,263,300,301 are 
located at the bottom of the figure (blue dots).  
 The TESs of early transcripts were increasingly heterogenic at late time points of infection, potentially 
because transcription termination signal recognition depends on different factors in early- and PR 
phases298–301. Due to the extremely high TES diversity, we analyzed their positions within a ± 30-nt 
interval. We found that 24% of our annotated TESs matched the positions of the polyadenylation sites 
described by Yang et al.300 (Supplementary Figure 10). Our analysis revealed that VACV genes express 
transcripts with multiple shared TSS and TES positions (Figure 10B). Distributions of TSSs and TESs 
along the VACV genome are presented in, where chaotic genomic segments show an accumulation of 
TESs and TSSs (Figure 9). Moreover, most genes express multiple transcript isoforms (median = 4, 
mean = 6.95) and genes with only one transcript isoform are rare. In the extreme cases of N1L, O2L, 
37 
 
I1L, and A12L regions, more than 30 transcript isoforms of a single ORF were expressed (Suppl. Fig 
16.). Moreover, no TSS positions belonging to 30 annotated ORFs, particularly in the A8R-A17L region, 
have been annotated in our and others’ studies (Suppl. Note 2.).  
Nomenclature and annotation of novel transcripts 
 The novel ORFs, transcripts, and their isoforms were named according to the common (Copenhagen) 
HindIII fragment letter/number-based nomenclature (e.g. A1R). The detailed naming scheme is written 
in the Methods section. We found 8191 unique putative viral transcripts using the in house developed 
LoRTIA pipeline. From the 218 annotated ORFs 184 were expressed alone on separate RNA molecules. 
To exclude failed annotation these transcripts were further processed under strict criteria: only the 
transcripts occurring by two different techniques and/or in three independent experiments were 
considered for detailed analysis, thus the number of VACV’s transcripts decreased to 1480. Because of 
the large genome of VACV, it is not possible to depict the whole transcriptome, but all VACV transcripts 
(identified by the LoRTIA pipeline) are presented in a Geneious file available for download at figshare 
server, see Suppl. Note 1.  
 
Figure 10. A. Depths of VACV read coverage across the viral life cycle; transcripts were obtained at 
six time points and were sequenced using PacBio Sequel (inner radius) and Oxford nanopore technology 
(ONT) MinION (outer radius) platforms and were visualized in a Circos plot as concentric circles; each 
circle represents an individual time point with early to later time points represented as inner to outer 
circles, respectively. B. Complexity of VACV ‘chaotic regions’; above: high expression of antisense 
transcripts within the A18R locus; below: extremely high expression levels of antisense RNAs and other 
non-coding transcripts at the A10L-A12L region; d. enormous numbers of non-coding transcripts and 
transcript isoforms within the O1L– I3L genomic segment. All transcripts were identified using the 
LoRTIA toolkit. 
 These 1480 transcripts represented 175 ORFs altogether. For the remaining ORFs we could not detect 
full-length transcripts; however, these regions contain several transcriptional reads lacking a precise 
A      B 
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TSS and/or TES position, therefore transcript annotation was almost insurmountable. In two genomic 
regions many starts or ends of RNAs were occurred within annotated ORFs or on complementary DNA 
strand (e.g. O1L and A11R ORF regions are filled up with antisense reads) contributing in an extreme 
high level of read-through transcription. Therefore, we named these regions ‘chaotic’ and for the others 
we used the term ‘regular’ transcriptional region of the viral genome (Suppl. Note 2). At the ‘regular’ 
genomic segments viral genes produce transcript with more or less precise TSSs and TESs –like in 
Herpesviruses-, whereas at the ‘chaotic’ regions (such as the genomic loci of O1L, O2L, I1L, I2L, I3L, 
A10L, A11R, A12L, A18R genes) a large amount of TSSs and TESs diversity are produced (Figure 
10.B) Some VACV gene clusters exhibited a genomic organization that resembled that of herpesviruses, 
with tandem genes producing overlapping 3’co-terminal RNA molecules, e.g. transcripts of the 
following genes A51R-A52R, B12R-B13R, B13R-B15R, F16L-F15L-F14L, F15L-F14L or F5L-F4L-
F3L, F4L-F3L. 
Novel mono-, bi- and polycistronic RNAs 
 At the ‘regular’ genomic regions we detected 135 monocistronic coding transcripts of previously 
annotated ORFs using the LoRTIA software suit, and 12 additional mRNAs did not meet the LoRTIA 
criteria due to their low abundance. Similar to other viruses and prokaryotes, but unlike the eukaryotic 
organisms, VACV reportedly express bi- and polycistronic transcripts 49,260,302,303. Yet although all genes 
are translated from prokaryotic polycistronic mRNAs, experimental evidence is lacking for translation 
of downstream genes from polycistronic mRNAs of VACV. In our study, altogether 292 different kinds 
of polycistronic transcript isoforms were detected: 43 bicistronic, 137 tricistronic, 92 tetracistronic, 15 
pentacistronic, and 5 hexacistronic RNA molecules (see online supplementary files S3 in Tombácz and 
Prazsák et al. 2020). Yet not all of these VACV polycistronic transcripts are ‘regular’ because many are 
initiated or terminated within the ORFs. 
Novel putative protein-coding genes 
 We identified novel genes in new intergenic positions, embedded genes (5’-truncted in-frame ORFs 
within larger canonical ORFs), and short upstream ORFs (uORFs, preceding the main ORFs).  
(a) Two genes at novel genomic positions were detected by annotating two novel putative mRNAs that 
are encoded in intergenic genomic locations: B25.5R/C19.5L in the repeat region and C9.5L in the 
vicinity of C9L gene. Both of them are situated between two divergently oriented genes. They exhibit 
short ORFs with 51bps. Their TSS positions have been already reported in previous publications299,301 
and our analysis showed that these ORFs are expressed alone in separate transcripts and/or as upstream 
ORFs (uORFs) located 5’ of canonical ORFs in longer transcripts (Figure 11). 
(b) Embedded genes A characteristic feature of the VACV genome is that it contains several shorter 
in-frame ORFs. These have been proved by ribosome profiling experiments that they are able to be 
translated299,301, because several internal translational initiation sites (TISs) occurred within the VACV 
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ORFs. Our full-length sequencing identified 49 novel putative embedded genes with 5’-truncated in-
frame ORFs which were shorter than the in silico annotated canonical ORFs. This study demonstrated 
that these putative genes specify more than 300 transcript isoforms. We initially assumed that the TISs 
of these internal ORFs were the closest in-frame ATGs to canonical host ORFs. However, this is not 
necessarily the case, a large number of TISs were detected by others using ribosome profiling298. We 
identified 22 unique promoters associated with these TISs using our in-house scripts but we detected 
only six transcripts that contain in-frame ORFs.  
 
Figure 11. Schematic representation of two examples of the identified putative new embedded genes; 
we detected a number of 5’-truncated transcripts containing short in-frame ORFs. This figure shows 
transcripts from H5R.5 and H7R.5 ORF regions. 
(c) Upstream ORFs (uORFs) are considered common regulatory RNA elements in mammalian 
transcripts304. 5’-UTRs of uORF-containing transcripts are reportedly ≥ 75 bp in length304. Several in 
silico and experimental studies show that 40–50% of human and mouse mRNAs contain at least one 
uORF 305,306. In the dataset obtained and filtered by the LoRTIA toolkit we revealed that 25 previously 
annotated VACV genes express longer TSS variants than the canonical transcripts. On average, 5’-UTR 
of the main transcript isoforms were 101 bp (Supplementary Figure 13.) whereas the longer variants 
were 258 bp (Supplementary Table 9). Most of these transcript isoforms (64%) contain at least one ORF 
preceding the main ORF with an average 5’-UTR of 331 nts. We set the minimal size limit of these 
uORFs to 9 nts comprising at least one triplet between the start and stop codons, as described by Scholz 
and colleagues307. We also set a maximal ORF length of 90 nts and considered transcripts with longer 
upstream ORFs as bicistronic. Eleven transcripts with 5’-UTR variants were found to contain multiple 
uORFs. G5.5R was the only gene in which the longer transcript isoform contained a single uORF. The 
VACV transcriptome is distinguished by high number of TSS and TES positions and combinations per 
ORF. The same TSS can be used by the longer variants of downstream genes and by a 5’-truncated, 
potentially protein coding transcript of the upstream gene. In many such cases, the overlapping part of 
the two transcripts (the long 5’-UTR of the downstream gene and the 5’-truncated version of the 
upstream gene) contains one or more ORFs that can be considered uORF (within the L variant) and/or 
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a novel potential protein-coding genes, as for A1L, A34R, and H3L regions, and C5L. The present novel 
transcripts of possible uORFs are listed in Supplementary Table 9. 
Non-coding transcripts 
 In the LoRTIA analyses presented here, we identified 356 novel putative long non-coding RNAs 
(lncRNAs) of longer than 200 bps. We also identified 13 potential short ncRNAs (sncRNAs) with 
lengths varying between 121 and 193 bps. These ncRNAs are classified as antisense RNAs, 3’-truncated 
transcripts, replication-associated transcripts and complex transcripts. 
Antisense RNAs 
 With few exceptions, we detected transcriptional activity from both DNA strands along the entire 
VACV genome. Expression level of mRNAs and antisense RNAs (asRNA) varied between genomic 
locations. In most cases, the level of asRNA expression was relative low, that is why the LoRTIA tool 
was unable to identify these molecules probably. After applying strict annotation criteria, exactly 100 
antisense transcripts were located altogether at the A5R ORF a single antisense transcript, at the A18R 
ORF ten, and at the A11R ORF 89 antisense transcripts (Figure 10B). The latter transcripts are various 
combinations of six TSS and 40 TES positions, whereas antisense A18R transcripts have the same TSSs 
but vary in their termination sites. We confirmed asRNAs of A18R with qPCR as well (Supplementary 
Figure 11). Some of these transcripts contain small ORFs, which might indicate coding potential 
(Supplementary Note 2).  
Intragenic non-coding transcripts 
After filtering transcripts with strict criteria, 260 3’-truncated transcripts were determined from the entire 
dataset. They were considered non-coding because they lacked an in-frame stop codon. These transcripts 
were found within 41 VACV genes and 36.15% of them were located within the O1L region. The A37R 
(8.85%) and A10L (5.38%) regions and the F12L-F13L gene cluster (11.15%) also contained substantial 
numbers of 3’-truncated RNAs, and cumulatively, 38,47% of the 3’-truncated ncRNAs were mapped 
within five ORFs (A11R, A12L, A14L, A16L, A18R,). 
Replication-associated transcripts 
 The VACV genome telomeric region contains multiple replication origins (Oris) located near the 
genomic termini in the terminal repeat region, called concatamer junction, as it has been demonstrated 
by SRS technique308. Earlier studies proved that VACV telomeres contain promoters for late RNA 
production, which may involve in concatemer resolution or in replication. Some of these late telomeric 
transcripts bridge the entire Ori region255,309. Our raw data showed that Oris are overlapped by many 
non-coding transcripts that are expressed in very low abundance. The TSSs and TESs of these ncRNAs 
were not identified by LoRTIA during the transcript annotation because the transcripts vary widely in 
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size. Nonetheless, we demonstrate that these RNAs are expressed from 4h and accumulated up to 8h 
post infection and they may play identical role as replication-associated RNAs in Herpesviruses310.  
 
Miscellaneous, complex transcripts 
  Complex RNAs (cxRNAs) are defined as a transcripts containing at least one oppositely oriented ORF 
on a multigenic transcripts. These transcripts has been also found in Herpesviruses311 presumably other 
members of various virus families are producing this new type of RNA as well. Because VACV genes 
stand in tandem orientation with each other, a few number of convergently and divergently positioned 
gene pairs are present in VACV genome, leading to few cxRNAs compared with those in 
Herpesviruses312. In VACV, the LoRTIA annotated 30 cxRNA molecules (Supplementary Table 10) 
localized within nine genomic regions. We considered six of these cxRNAs as 3’UTR isoforms of the 
A12L–A11R and four of these as alternative TES variants of VACVWR_161-A38L RNA. Five as TSS 
and TES combinations within the A14L-A13L-A12L-A11R region. Two cxRNAs (c-A21L-A20R, c-
G3L-G2R) were considered non-coding because their upstream genes were antisense on the transcript. 
Completely overlapping convergent cxRNAs were also detected at E10R-E11L and A8R-A9L genomic 
regions (Supplementary Figure 14). The remaining complex transcripts were categorized as mRNAs, 
because their first ORFs were in the sense direction (Supplementary Table 10) 
Cis-regulatory sequence prediction of novel transcripts 
 Yang and colleagues described a 15-nucleotide consensus promoter core motif 
(AAAANTGAAAANNNA) upstream of E genes. We used in silico promoter predictions to detect 
potential TATA- and CAAT-box consensus sequences of the present TSSs. We identified TSSs for 90% 
of the promoters described by Yang et al., (2010), with the exceptions of G2R, J6R, A18R, A20R, and 
five hypothetical genes located in the repeat region of the VACV genome. The used promoter prediction 
tool identified the VACV early promoter motif at nine novel positions upstream (C9.5L, F4L, F7L, J3R, 
A15R, VACWR_161, and A51R) and inside (A36R and VACWR_169) of ORFs. Promoter elements 
have not previously been annotated within these regions. We analyzed 146 TSSs without previously 
annotated promoters and found TATA-boxes in 88, and CAAT-boxes in 5 of these (Figure 12). The 
median distance between TSS and putative TATA-box was 54 nts +-24 SD. Yet, no significant 
differences in promoter–TSS distances were identified between 5’-truncated and canonical transcript 





Figure 12. In silico analysis of promoter elements; a. the bar chart shows average distances between 
the TATA boxes and TSSs. b. The WebLogo shows the consensus sequence of the identified TATA boxes. 
 
Additionally, most TESs of novel transcripts are located about 50 nucleotides downstream of 
UUUUUNU termination signals, as described by Yang et al.301 Those TESs which were not preceded 
by this motif might use an alternative mechanism for polyadenylation-site selection. Matching TSSs 
with TESs can only be carried out using LRS techniques, which are therefore crucial for the 
transcriptome analysis, especially in VACV which exhibits a very complex gene expression profile. We 
found that in certain DNA segments of ‘chaotic’ regions almost all base positions can function as TESs. 
Transcriptional overlaps 
 Transcript isoforms include 5’- and 3’-UTR length variants of RNA molecules. Using RNA-Seq tag-
based methods with SOLiD and Illumina sequencing platforms, Yang and co-workers determined 5’- 
and 3’-ends of VACV early mRNAs with base pair precision299,301 and mapped the 3’ termini of 
postreplicative (PR) transcripts263. These studies identified several hundreds of TSSs and PASs, but 
uncertainty of 3’-ends of RNAs remained due to the high complexity of gene expression and overall 
read-throughs of upstream genes especially at late time points of infection. Using multiplatform 
analyses, we revealed an extremely complex meshwork of transcriptional overlaps, which were 
expressed by almost all viral genes. Altogether 154 tandem, 32 divergent, and 32 convergent gene pairs 
were found in the VACV genome, with 21 overlapping ORFs between tandem genes, 13 between 
convergent gene pairs, and 5 between divergent gene pairs. Moreover, closely-spaced tandem genes can 
form partial and full parallel overlaps. We also detected 106 parallel transcriptional overlaps between 
tandem genes. Seventeen of the 32 convergent gene pairs formed UTR-UTR overlaps, whereas only 15 
gene pairs formed UTR-ORF overlaps. This huge number of overlaps hamper to categorize VACV 
transcripts in a usually way, because it is up against the usual transcriptome structure of alpha 





We used the PacBio cDNA data to reconstruct the VACV genome sequence. The length of the 
reconstructed VACV genome sequence of the WR strain was composed of 194,888 base pairs. The 
average GC content was 33.3%, which corresponds to the other WR strains. We annotated 218 protein-
coding genes, including 3 novel ORFs (B25.5R/C19.5L, C9.5L) in the intergenic region. Our data 
showed that the sequenced WR strain differs from the reference genome in 163 point mutations, mainly 
in the F region. The F region contains core genes with diverse functions from anti-apoptotic modulators 
to structural proteins of the mature virion315,316.  Most of the amino acid substitutions occurred in the 
C9L gene. The putative product of this gene is required to resist the human interferon-induced state and 
counteracts interferon-stimulated genes317. The annotated new genes (B25.5R/C19.5L, C9.5L) lay in the 
highly variable genome region233 and they probably code for ankyrin –like proteins, which mediate 
virulence through the regulation of the NFkB pathway245,318. The complete and annotated genome 
sequence of this VACV WR strain has been deposited in the European Nucleotide Archive under the 
accession number: LT966077. 
Transcriptome annotation 
It is a major advantage that LRS methods can perform end-to-end sequencing of entire RNA or cDNA 
molecules, allowing identification of full-length transcripts. We used cDNA libraries prepared from 
VZV and VACV infected cells to sequence and depict the transcriptomic landscape in lytic life cycle of 
these viruses. Twenty-five different preparation methods were used to obtain VACV RNAs and three 
different methods for VZV transcriptome sequencing. The PacBio SMRT and ONT MinION long-read 
sequencing platforms were used for VACV and the ONT MinION platform for VZV transcriptome 
analysis. Both of the chosen techniques are capable of sequencing full-length RNAs in the form of 
cDNA. The nanopore sequencer can analyze native RNA as well. Since SRS fails to detect full-length 
transcripts, theoretically every RNA molecule identified by LRS techniques can be considered to be 
novel in VACV. Our transcriptome analysis was based mainly on reads derived from the poly(A)-
selected and Cap-selected libraries. Despite the relatively high inaccuracy of sequenced reads - 
compared to the Illumina platform – we could detect start and end points of transcripts (TSS and TES 
respectively), and even splice junction positions with base-pair precision. 
We applied a novel statistical algorithm for VZV analysis to detect significant read accumulations 
alongside the mapped read population. This new method was later implemented by Zsolt Balázs as a 
python3 program and has become a complete bioinformatical pipeline for general transcriptome 
analysis. We used his toolkit for the annotation of VACV transcriptome. There are more than 350 tools 
and scripts available mainly for genomic analysis of long-read data, but only 36 for transcriptome 
analysis, therefore our dataset and transcriptome annotation pipeline are pioneering in the rapidly 
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developing area of transcriptomics80. The dataset we have generated is one of the few openly accessible 
long-read RNA materials. All of the raw sequencing data presented here were deposited in the European 
Nucleotide Archive (ENA) under the project accession numbers PRJEB25401 (Long-read Sequencing 
Dataset of Varicella-zoster virus), PRJEB26434 (Characterization of the Vaccinia virus transcriptome), 
and PRJEB26430 (Dynamic characterization of the Vaccinia virus transcriptome) and can be used for 
further transcriptomics studies.  
We obtained shorter average read lengths in our VACV ONT dataset compared to PacBio SMRT 
sequencing. This can be explained by the differences in preparation procedures. The PacBio technique’s 
library preparation protocol prefers RNAs longer than 500bp, while the nanopore protocol does not 
differentiate in the size of RNAs. Similar results were observed in other viral studies281,319.   
Although these results are mainly descriptive, functional transcriptomic questions cannot be answered 
without structural transcriptomic knowledge. Detailed genome annotations are available for model 
organisms and humans, but rarely for viruses. As a result, alternative RNA isoforms or overlapping 
transcription structures are underrepresented, therefore the complexity of transcriptomes remains 
undetected201. Most often only ORFs are annotated and not entire genes, although genes can be inferred 
by the determination of transcript boundaries. LRS techniques are able to determine alternative TSSs, 
poly(A) sites, and alternative exon usage. By contrast, general short-read RNA-seq protocols rarely 
detect TSSs and poly(A) sites and usually only recover splice donor and acceptor sites.  
Earlier results of various experiments (primer extension, S1 nuclease assay, and Illumina sequencing) 
determined the TSS or TES of 37 VZV transcripts187,196,320–323. These transcripts mainly encode 
regulatory proteins, playing roles in viral DNA replication (e.g. ORF0, ORF19) or in latency and 
reactivation (e.g. ORF21, ORF62, ORF63). We confirmed these ends and also determined the unknown 
5’ or 3’ end sites of these transcripts. Using the ONT sequencing platform, we confirmed 18 previously 
known TSSs and nine TESs. Additionally, we annotated 124 new putative TSSs and 71 TESs. Altogether 
we identified 114 novel transcripts in VZV, including mRNAs, non-coding RNAs, polycistronic RNAs, 
and complex transcripts. 
Previous studies have detected large numbers of TSSs, TESs, and TISs of VAVC transcripts using 
SRS261,298,300,324. However, these analyses have not identified full-length transcripts because SRS 
techniques are unable to match TSS and TES positions.   
A distinctive advantage of long-read sequencing is that it can detect overlapping transcriptional units as 
well, especially short, 5’ truncated transcripts, whose common poly(A) signal is shared with the host 
gene. Both Cap- and poly(A)-cDNA sequencing detected in VZV and VACV transcriptomes numerous 
embedded, 5’ truncated transcripts which is in concordance with others’ findings among 
herpesviruses109,325,326 and in other viruses, including baculoviruses and asfarviruses327,328. Our results 
suggest that these embedded transcripts may contribute to a new group of possible protein-coding 
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transcripts in DNA viruses. Although we can only speculate whether the short ORFs encoded by these 
embedded transcripts are translated or not, ribosome profiling analysis of the VACV transcriptome 
found several ‘anomalous’ ribosome binding sites324 which could correspond to our results extending 
the protein-coding capacity of DNA viruses. Furthermore, we found essential transcription regulator 
motifs located upstream to the embedded TSSs. The average promoter distance to TSSs of embedded, 
5’-truncated VZV transcripts (type .5 transcripts) was longer than in the case of non-embedded, 5’-
truncated VZV transcripts.  However, this was not true for VACV embedded, 5’-truncated transcripts, 
where the promoter found upstream of their TSSs was not situated significantly farther than their 
isoform’s TSS. It is worth noting that we could not find canonical promoters for all .5 type VZV or 
VACV transcripts, therefore our findings may not represent the entire population of this transcript 
family. Our transcript annotation pipeline identified 195 TSSs and 704 TESs altogether, which 
contributed to 1480 novel transcripts in VACV transcriptome. 
Although long-read sequencing is superior for overlapping transcripts, the technique itself suffers 
limitations. The library preparation protocol of the PacBio SMRT technique selectively prefers longer 
reads: reads shorter than 600bp are practically missing from the libraries, while the nanopore sequencer 
has no limitation on size of the sequenced molecules. Another problem during library preparation of 
LRS protocols is that PCR may introduce amplification bias, and false priming of oligo(dT) primers and 
adapter sequences can also occur, resulting in non-valid transcript end positions329. We have considered 
these errors in our transcript annotation pipeline. Moreover, recent nanopore sequencers can identify 
native RNA molecules without using the reverse transcription step, eliminating artifacts of library 
preparation330. 
Multigenic transcripts 
A distinct feature of the VACV transcriptome is that the transcriptional apparatus selectively recognizes 
the UUUUUUNU termination signal, therefore early genes are prevented to produce longer transcripts, 
while late genes are not terminated after the PAS in late time points of infection, resulting in extensive 
transcriptional read-through into the neighboring downstream gene(s). This phenomenon was already 
known in the VACV transcriptome26,299,300. We confirmed not only the read-through of late genes, but 
also identified 286 polycistronic transcripts and transcript isoforms. While eukaryotic mRNAs are still 
not accepted widely as transcripts with multiple functional ORFs, growing evidence reveals that 
eukaryotes and their viruses can use two protein-coding genes on an mRNA for effective translation331.   
The non-canonical mechanism of translation initiation has been studied extensively in viruses and 
mammalian cells, as well. Initiation of translation at a downstream ORF is usually achieved in RNA 
viruses by conserved structural sequence motifs called internal ribosome entry sites (IRES), however, 
other viruses use non-cap dependent translation initiation. These processes still need further elucidation.  
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The longest, annotated transcript of VACV was the F5L-F4L-F3L-F2L-F1L with 4616 bp, and the 
longest, non-annotated, complex transcript, overlapping seven CDSs (by a single read) was 5192 bp 
long in the E2L-F15L region (data not shown). The longest transcript in VZV was the ORF28-27-26-
25-24-C at 8340 bp. Altogether, thirty-six polycistronic transcripts were found. Although these 
transcripts are rare, long multicistronic transcripts may only be produced in cell culture propagated 
viruses as transcriptional noise, thus further studies need to prove their functional role. 
Overlapping coterminal transcription units with common PAS are characteristic of herpesviruses. In the 
VACV transcriptome the large number of 3’ UTR isoforms suggests a different transcriptional structure. 
We detected long 5′-UTR isoforms containing uORFs in most VACV genes, moreover, some transcripts 
contain multiple uORFs, and most isoforms contain unique combinations of ORFs and uORFs. 
We can ask what is the function of length in these transcript isoforms. Despite the general supposition 
that only the first ORF is translated on long eukaryotic mRNA, emerging evidence suggests, that 
ribosomes can use upstream and downstream ORFs as templates on multicistronic mRNA. This scenario 
indicates a transcriptional-translational regulatory mechanism, namely the 5’ UTR isoform of a given 
transcript, comprising uORF, may regulate the translation of a downstream oriented ORF, as is described 
in Kaposi's sarcoma-associated herpesvirus  (KSHV)332. Another study suggests that leaky scanning 
allows primary ORF expression, while a reinitiation mechanism after the translation of the uORFs 
enables the expression of bicistronic downstream ORFs in KSHV333. While this is a rare example of 
uORF playing a role in enabling viral polycistronic translation, it is possible that a similar mechanism 
may regulate a subset of the herein described mRNA isoforms containing uORFs. 
Our results suggest that at least some of the uORFs could play a role in the production of N-terminally 
truncated proteins, while most of them have sufficiently large space between their stop codons and the 
protein-coding ORF’s AUG for einitiation events, thus resulting in unaltered protein translation334. 
Further studies of ribosome profiling and mRNA and protein expression studies are needed to determine 
the precise function of these uORFs. Nevertheless, the use of alternate promoters for producing TSS 
variants with or without uORFs seems to play a crucial role in human cytomegalovirus (HCMV), 
providing differential control of translation at distinct stages of the viral lifecycle109.  
The widespread occurrence of adjacent genes in chimeric transcripts suggests that transcriptional read-
through followed by cis-splicing may occur. Thus, the existence of  transcriptional read-throughs is not 
just restricted to the herpesviruses, but they may represent a general phenomenon in VACV. 
Furthermore, the antisense RNAs produced from their own promoters or by transcriptional read-
throughs may hybridize with their sense counterparts thereby initiating RNA interference335–337. Very 
long complex transcripts form a distinct category among multigenic transcripts because of their 
oppositely oriented ORFs and increased size. Similarly to other herpesviruses109,311 they are present in 
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very low abundance in VZV, however, their existence is ambiguous, as they can be formed during 
reverse transcription by template switching338. 
The enrichment of As and Us upstream of PASs in mammalian systems is well-established339,340. These 
homopolymer A stretches may also cause false priming and template switching events during reverse 
transcription, which results in false TESs341. In our work, we excluded these artifacts by using our 
analysis pipeline and demonstrating the verity of the annotated TESs by the presence of the canonical 
GU-rich region in the + 10 interval downstream of TESs342. The majority of the length isoforms were 3’ 
UTR variants of transcripts, especially in VACV transcriptome. Such a large number of transcriptional 
read-throughs have been detected by others in late time points of VACV infection262,300,324. 
The function of the detected novel transcript isoforms is still unknown. The majority of the transcripts 
contain protein-coding sequences, thus they probably code for proteins. Translatome and proteome 
analyses could answer the question of which transcript isoforms contribute to viral proteins. VACV has 
been analyzed by ribosome profiling and it was found that 5’ truncated transcripts bind ribosomes at 
their downstream ATG and VACV probably produces short, anomalous proteins298. Whole proteome 
analysis of VACV identified 136 proteins during early and late of infection and 162 proteins in the 
mature virion343,344. These findings suggest that a remarkable number of transcripts are not expressed as 
proteins. 
The high number of transcript isoforms may also play an important role in viral transcription regulation.  
One explanation could be that different isoforms are expressed by different kinetics, based on their 
alternative promoter usage. In VACV early and late genes have distinct promoter motifs, however such 
a conservative regulatory is yet not known in VZV. Another explanation could be that neighboring genes 
constitute transcriptional units, and length isoforms -especially 3’ end isoforms – affect downstream 
gene expression. There is a hypothesis that viruses use transcriptional interference for fine-tuning their 
temporarily expressed genes, and the whole viral transcriptome builds a transcriptional interference 
network (TIN)337.  
Splicing 
Splicing and alternative splicing are major mechanisms increasing the complexity of gene expression in 
viruses. Interestingly VACV mRNAs are not synthesized by splicing mechanisms and introns are 
completely missing in poxviruses206. Splicing is rare in the VZV transcriptome. In earlier studies, only 
five genes of 70 seemed to be spliced125, however splicing is much more significant in other 
alphaherpesviruses 314,345,346. Although splice events are thought to be rare in VZV, in light of LRS 
techniques they appear to be underestimated 164. In this work, we enriched the list of spliced transcripts 
in the lytic phase of viral infection, and we identified novel combinations of splice sites in ORF42/45. 
We also detected many more introns with LRS. It is known that the library preparation procedure can 
introduce false introns and trans-splicing, therefore we applied strict criteria and implemented a 
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template-switching filter into the annotation pipeline347,348. The scarcity of splice isoforms  using 
techniques capable of detecting rare transcripts provides further validation. A very new study published 
during the preparation of the thesis confirmed our findings by direct RNA sequencing and increased the 
number of splice sites by another one in VZV349.  
RNA editing 
More than one hundred RNA base modifications have been documented to date. These modifications 
have functional roles in mRNA stability or translational efficiency80. Hyper-editing of given positions 
of mRNAs was previously observed in members of herpesviruses350–352. It probably plays a crucial role 
in the cell’s innate immunity353, while it can be hijacked by some viruses to evade inactivation354. 
Additionally, in hepatitis delta virus, hyper-editing is indispensable for replication355. It is also known 
that A to I editing decreases the affinity of the antisense transcript to the sense RNA, destabilizing their 
interaction, which may affect the binding of dsRNA enzymes, like RNase III homologues356. We did 
not detect hyper-editing in any of the VACV transcripts, but it was observed in the novel NTO3 VZV 
transcript, which is expressed in the vicinity of replication origo. Our in-silico analysis showed that 
despite elevating the level of free energy of the sense-antisense RNA hybrid, hyper-editing does not 
result in a change of the secondary structure. Rather it affects the formation of I·U wobble pairs, which 
are significantly more resistant to possible Dicer cleavage inhibiting RNA interference356. It is also 
possible that I·U pairs play a role in the cleavage and degradation of ORF62 by a process mediated by 
the Tudor staphylococcal nuclease (Tudor-SN)357,358. Our conclusion is that this type of RNA editing is 
special in VZV and further investigation is needed to elucidate the significance of hyper-editing in 
transcriptomics studies.  
nroRNAs 
Replication of VZV starts with the theta-type process, followed by the rolling circle mechanism, similar 
to the replication of bacteriophages, however, some evidence suggests that the replication of 
herpesviruses generally may be more complex and concatemers may be formed by recombination359. 
Nevertheless, replication-associated transcripts have also been identified in viruses, bacteria, and 
eukaryotes. One of the main outcomes of our genome-wide transcriptome analysis is the identification 
of replication origo (Ori) associated transcripts in herpesviruses. Several years ago our research group 
published the existence of CTO and PTO non-coding transcripts in PRV360. During the analysis of HSV-
1, and VZV transcriptome become clear that RNAs are expressed proximal to the Ori of these viruses 
as well, or they completely overlap it310. The same pattern is observable in other herpesviruses, e.g. 
HCMV361, KSHV362, and EBV363. 
It was previously thought that the OriS (Ori of the US genomic region) of VZV lacks any overlapping 
transcripts125, although Davison and colleagues (1986) hypothesized the existence of non-coding RNA 
in the intergenic region between orf62 and orf63125. 32 years later, our results confirmed Davison’s 
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hypothesis. We detected several transcripts overlapping OriS, and small non-coding RNAs (the NTOs) 
between the aforementioned genes. Moreover, this region of the viral transcriptome is structurally and 
positionally similar to the PRV364, HSV325, and EHV transcriptome (unpublished data), however, the 
sequences of these transcripts are non-homologous.  
The gene orf63 in VZV corresponds to the gene us1 in PRV and its gene product is a homolog to the IE 
ICP22 protein of HSV-1. Our earlier research proved that us1-deleted PRV showed delayed replication 
in lytic infection365. This protein is one of the main transcriptional regulators in both HSV-1 and VZV.  
Gene expression is highly restricted in the latent phase of VZV161, only ORF63 was found to be co-
expressed with the recently discovered multi-exonic VZV latency transcript (VLT)163,164. We confirmed 
that isoforms of VLT are also expressed in the lytic phase163, furthermore, we found long (up to 6kbp), 
multi-spliced polycistronic complex transcripts and isoforms, which we named VLTly-ORF63-C(1-6).  
A recently published study independently confirmed the findings that we proposed the first time 
(Prazsák et al. 2018, Fig 7.): this long, multi-spliced complex transcript forms a translatable fusion 
mRNA, which probably acts as a transcriptional switch in reactivation from latency164,349. In vitro 
expression assays have shown that our in silico prediction, that it codes at least two protein isoforms of 
VLT-ORF63 fusion transcript, is possible366. An in vivo immunoblotting experiment illustrated that N-
terminal length variation in ORF63 proteins encoded by different VLT-ORF63 transcript isoforms 
allocated differentially in the infected cell’s nucleus and cytoplasm366, suggesting their distinct 
functions.  
VACV DNA synthesis is initiated near the genome terminus, where a repeat region forms a hairpin end 
that acts as a conserved replication initiation site. SRS analysis has revealed multiple potential 
replication start sites. It has been demonstrated that VACV telomeres contain promoters for late RNA 
production, which may be involved in concatemer resolution or in replication309,367. Some of these late 
telomeric transcripts (lateRNAs) bridge the entire Ori region. The 3ʹ ends of the lateRNAs vary in length, 
and some of them encompass the entire telomeric hairpin, which contains the Ori. It has been proposed 
that ncRNAs expressed within the concatemer junction might play a role in opening up the DNA duplex 





The genetic information of viruses and their host cells is encoded in their genome and in their 
transcriptome. By decoding this information, we see new faces of a particular pathogen: how they work, 
what genes are expressed when. With accurate transcriptome annotation, RNA-seq experiments can be 
performed to investigate the differential expression of viral genes or predict which proteins are present 
in a host cell during the viral life cycle. The discovery of new protein-coding, non-coding genes and 
transcript isoforms helps us in the fight against pathogens. Long-read sequencing technology overcomes 
the limitations of short-read sequencing technology, therefore it is an ideal tool to annotate viral 
transcriptomes. 
The human genome and genomes of model organisms are well annotated, but more often than not, 
precise annotation is missing or oversimplified for viruses. Although NGS techniques revolutionized 
genomics and transcriptomics, technical limitations have hampered the inference of viral genomes,. SRS 
produces high coverage, so highly accurate variant detection is possible and many bioinformatics tools 
and pipelines support SRS74. Natural RNAs can be eight orders of magnitude longer than amplified 
fragments during sequencing, which complicates the task of reconstructing their original features. As a 
result, the presence of complex, overlapping transcripts remain undetected, and impair subsequent 
interpretations of viral biology201,368. VZV and VACV genomes contain duplicated regions with repeats 
which can result in short or long-read sequences being automatically discarded. Long-read sequencing 
can thus improve de novo assembly, mapping certainty, transcript isoform detection, and identification 
of structural variants, and base modifications without amplification bias80,201. Applying LRS techniques 
for the first time in the analysis of VZV and VACV, we have broadened the number of possible protein-
coding transcripts and non-coding transcripts of VZV and detected more than one thousand transcripts 
of VACV. New and alternative introns were also found in VZV, increasing the coding capacity of this 
human pathogen. A new family of RNAs, the replication origo associated transcripts were also described 
in VZV for the first time. 
With the development of LRS techniques, a new door has been opened in the field of transcriptomics, 
and we have laid new slabs on the path with reannotation of known and annotation of never seen 
transcriptomes. 
In my dissertation, I undertook to perform the first comprehensive transcriptome analysis of the human 
pathogenic Varicella-zoster and the Vaccinia virus with long-read sequencing, in order to better 
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Supplementary Table 1  
Target-specific primers used for the detection of NTO transcripts. The primers are composed of a 















Supplementary Figure 1.  
The procedure of finding novel transcriptional isoforms. The flowchart describes the pipeline used to 







Supplementary Figure 2. The VZV transcriptome.  
The transcriptome of the varicella zoster virus was analyzed using long-read cDNA sequencing. The 
reads were annotated using our custom script (https://github.com/zsolt-balazs/LoRTIA). 
Transcriptional start sites and transcriptional end sites of the annotated transcripts are the 5′ and 3′-
ends with significantly higher abundance than any other read end in their ±50 vicinity, according to 






Supplementary Figure 3 The genomic region of VLT. The transcriptome of the varicella zoster virus 
was sequenced using long-read cDNA sequencing. Reads of the VLTly transcript isoforms were 
visualized using IGV. Because of their low abundance, their 5′ ends are feathered on the annotation, 
















5329 5382 53 55 - in 5'UTR  
5393 5413 20 119 - in 5'UTR  
10454 10594 140 48 + in 5'UTR  
10497 10517 20 125 + in 5'UTR  
18388 18420 32 21 + in 5'UTR  
22491 22520 29 13 - in 5'UTR  
24023 24067 44 82 + in 5'UTR  
24041 24067 26 82 + in 5'UTR  
30687 30710 23 49 + in 5'UTR  
46101 46133 32 57 + in 5'UTR  
59106 59219 113 51 + in 5'UTR * 
61265 61294 29 36 - in 5'UTR  
64430 64459 29 348 + in 5'UTR  
64569 64583 14 224 + in 5'UTR * 
84114 84143 29 524 + in 5'UTR  
84150 84278 128 389 + in 5'UTR  
84192 84278 86 389 + in 5'UTR  
84258 84278 20 389 + in 5'UTR  
84403 84432 29 235 + in 5'UTR  
85866 85922 56 304 + in 5'UTR  
85952 85978 26 248 + in 5'UTR  
88149 88166 17 267 - in 5'UTR * 
88206 88244 38 324 - in 5'UTR  
88206 88253 47 324 - in 5'UTR  
88206 88235 29 324 - in 5'UTR  
101256 101276 20 37 - in 5'UTR  
56 
 
103935 103970 35 137 - in 5'UTR  
104176 104256 80 378 - in 5'UTR  
104176 104232 56 378 - in 5'UTR  
109234 109263 29 101 - in 5'UTR * 
109234 109356 122 101 - in 5'UTR  
109284 109349 65 151 - in 5'UTR  
111461 111496 35 69 + in 5'UTR  
112676 112714 38 36 - in 5'UTR  
112676 112735 59 36 - in 5'UTR  
112731 112763 32 91 - in 5'UTR  
115743 115775 32 33 + in 5'UTR  
118401 118436 35 69 - in 5'UTR  
23788 23835 47 -6 - in ORF  
59650 59856 206 -90 + in ORF * 
59668 59856 188 -90 + in ORF  
62131 62229 98 -7 - in ORF  
82562 82600 38 -31 - in ORF  
101168 101260 92 -51 - in ORF  
Supplementary Table 2. Upstream open reading frames (uORFs) of the VZV transcripts. We detected a 
total of 44 uORFs in silico, 38 of which are starting and terminating in the transcript’s 5′ untranslated 
region (5’UTR), while six are terminating in the ORF of the mRNA, the later resembling upstream 




Supplementary Figure 4. Types of overlaps between VZV transcripts. Reads were visualized using IGV. 
Blue arrow-rectangles represent transcript annotations. The overlaps are framed in orange. a. Parallel 
overlaps of the ORF5–4-3 cluster. b. Divergent overlaps of the ORF8 and ORF9 and ORF9A-9 




Supplementary Figure 5  
A to I hyper-editing of NTO3. a. Reads of NTO3 and the overlapping transcripts mapping to the VZV 
genome visualized with IGV. The orange dots represent G mismatches, indicating editing events. b. 
Substitution matrix of the NTO3 reads (n = 703 substitutions / 7749 nt, p < 0.0001, Fisher’s exact test). 
c. The position and frequency of A- > G substitutions on the genomic sequence corresponding to the 
NTO2 transcript, showing both NTO3 and the overlapping transcripts. Substitutions with high 
frequencies indicate A to I editing events, while those with low frequency are sequencing errors. d. The 
motif surrounding the editing sites. The motif was found using the MEME software suite with an E-value 





Supplementary Figure 6 
The secondary structure of NTO3 (a. and b.) as well as the hybrid formed by the ORF62–5′ fragment 
and the NTO3 (c and d). a. The secondary structure of the unedited NTO3 with a free energy of 
− 143.2 kcal/mol. The adenines in the editing sites are colored in green. b. The secondary structure of 
the edited NTO3 with a free energy of − 169.4 kcal/mol. The inosines in the editing sites are colored in 
orange. c. The secondary structure of the sense-antisense hybrid composed of the first 467 bases of 
ORF62 labeled ORF62–5′ (gray) and the full sequence of NTO3 (blue), the latter is its unedited form. 
The free energy of the structure formed by the two molecules is − 822.9 kcal/mol. d. The secondary 
structure of the sense-antisense hybrid composed of the first 467 bases of ORF62 labeled ORF62–5′ 
(gray) and the full sequence of NTO3 (blue), the later in its edited form. The free energy of the structure 






















Transcript name References 
585 714 + 129 GT AG  45,62% ORF0-1-C-SP 369 
5004 4155 - 849 GT AG ✓ 2,90% ORF5-4-SP  
16712 16886 + 174 GT AG ✓ 5,04% ORF12-13-SP  
43826 43505 - 321 GT AG ✓ 4,11% ORF24-SP  
43950 43863 - 87 GT AG ✓ 1,40% ORF24-SP-2  
61790 63564 + 1774 GT AG ✓ 2,40% -  
77870 78148 + 278 GT AG ✓ 11,29% ORF42-43-AS  
78938 78039 - 899 GT AG ✓ 38,88% ORF42/ORF45-SP-2  
81537 78039 - 3498 GT AG  100,00% ORF42/45-SP-1 125 
81537 79053 - 2484 GT AG ✓ 12,72% ORF42/ORF45-SP-2  
87759 86782 - 977 GT AG  4,15% ORF50B 142 
87759 86982 - 777 GT AG  2,33% ORF50A 142 
87436 86782 - 654 GT AG  0,62% ORF50C 142 
86982 87436 - 454 GT AG  0,33% ORF50D  
101728 102420 + 692 GT AG  87,50% VLTly 163 
102484 102853 + 369 GT AG  100,00% VLTly 163 
102983 103827 + 844 GT AG  2,42% VLTly 163 
103924 104293 + 369 GT AG  3,99% VLTly 163 
104433 104768 + 335 GT AG  5,22% VLTly 163 
104824 110509 + 5685 GT AG ✓ 2,18% ORF63-SP2-C  




114920 115050 + 130 GT AG ✓ 1,04% ORF67-SP  





Supplementary Table 3. Splice junction sites of the VZV transcriptome. The splice junctions listed in 
this table passed our criteria of intron detection, with the exception of ORF50C, which is listed as a 
confirmation, and ORF50D, which is a novel combination of previously known splice sites. Other rare 
splice variants below the 1% spliced read limit are listed in Supplementary table 6. The TSS and TES 




Supplementary documents of the publication “Long-read Assays Shed New Light on the 
Transcriptome Complexity of a Viral Pathogen” 
All figures and additional tables, containing data which are too large to print out are available at: 
https://www.nature.com/articles/s41598-020-70794-5#Abs1 Here the printable figures and tables are 
represented. 
 
Supplementary Note 1. Terminology of the listed transcripts.  
X2R= a given CDS 
X2R – the most abundant transcript, probably the main transcript of a given CDS 
X2.5R – genes in novel genomic position 
X2R.5 - new embedded, potential protein coding transcript 
X2R-AT – transcript isoform with alternative 3’ end, resulting a longer 3’ UTR (may contains dORF) 
X2R-l – long transcript isoform with alternative TSS, resulting a longer 5’ UTR than the main 
transcript (these may include uORF) 
X2R-s – short transcript isoform with alternative TSS, resulting a shorter 5’ UTR than the main 
transcript 
nc-X2R – non-coding transcript isoform terminating before the stop codon of a known ORF or 
transcript without ORF 
tr-X2R – truncated transcript isoform within a CDS containing no start codon 
c-X2R-X1L - complex transcript isoform, spanning oppositely oriented ORFs 
as-X2R - antisense transcript isoform, oriented oppositely to the given ORF 
 
1. Supplementary Note 2.  Information for downloading and using the Geneious file.  
The whole transcriptome profile of the VACV available at FigShare: 10.6084/m9.figshare.10191230 
The dataset can be view by using Geneious software which is available at 
https://www.geneious.com/free-trial/ 
Features found in literature were transferred from the VACV reference genome (NC_006998) to the 






The following abbreviations and terms are used in the file: 
Anomalous TSS: RNA 5′ ends were mapped within ORFs and antisense to ORFs [15,19] 
Cat box: CCAAT-box, upstream regulatory sequence of TSS [42] 
CDS: coding sequence; 
CDS-corr: correction of annotated ORF; based on the ribosome profiling data [12] 
CDS-d: downstream frameshifting ORF; based on the ribosome profiling data [12] 
CDS-n: previous unannotated non-coding region ORF; based on the ribosome profiling data [12] 
CDS-u: upstream ORF; based on the ribosome profiling data [12] 
CDS-tr: downstream truncated ORF or upstream non-frame shifting ORF; based on the ribosome 
profiling data [12] 
Early Promoter motif: sequence motif (AAAANTGAAAANNA) of early gene’s promoters [14] 
Early PAS motif: sequence motif (TTTTTNT) for polyadenylation site of early genes [15] 
mRNA: LoRTIA annotated transcript 
Late Promoter motif: sequence motif (TNNNNNNNNNTAAATG) of late gene’s promoters [19] 
LoRTIA: Long-read RNA-Seq Transcript Isoform Annotator toolkit [36] 
PAS: polyadenylation site 
TIS: translational initiation site 
TSS: transcriptional start site 








Supplementary Figure 7. Draft workflow of the study. Infection, sequencing, and data integration 



















3' SMART CDS primer II A 
-SMARTer PCR cDNA 








RT Custom-made (IDT DNA) – 
AAGCAGTGGTATCAA
CGCAGAGTACNNNNN
N (G: 37%; C: 37%; A: 
13%; T: 13%) 
MinION cDNA RT 
Poly(T)-containing anchored 







MinION CAP-Seq RT 
TeloPrime Full-Length 






MinION dRNA RT 
RT adapter—Direct RNA 
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PacBio blunt adapter (PacBio 










5' adapter (ONT Ligation 





3' adapter (ONT Ligation 
Sequencing 1D kit) 
SQK-LSK108 TTAACCT 
Supplementary Table 5. Primers sequences used in this study for the reverse transcription reactions. 
The table also contains the sequence of the gene-specific primer pair used for the amplification of 





Supplementary Figure 9. Bioinformatic pipeline for VACV study 
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A     Run 
#

























1 RSII mix no size selection 1331.5 1310 1385.66 ± 46.40 1361.5 ± 46.58 0.04 ± 0.0096 0.21 ± 0.0603 0.02 ± 0.0056
2 RSII mix random primed 660 572 799.74 ± 88.58 714.87 ± 89.19 0.09 ± 0.0447 0.13 ± 0.0634 0.02 ± 0.0117
3 RSII mix BluePippin size selection: 0.8-5kb+ 1008 885 1152.67 ± 9.28 937.94  ± 3.12 0.25 ± 0.0084 0.30 ± 0.0056 0.11 ± 0.0047
4 RSII BluePippin size selection: 0.8-2kb 1055 938 1103.85 ± 10.87 978.35  ± 9.58 0.07 ± 0.0070 0.15 ± 0.0136 0.07 ± 0.0291
5 RSII BluePippin size selection: 2-3kb 998 897 1062.55 ± 5.78 947.92  ± 5.23 0.12 ± 0.0071 0.11 ± 0.0059 0.03 ± 0.0053
6 RSII BluePippin size selection: 3-5kb 1053 942 1063.17 ± 2.89 946.56  ± 2.57 0.14 ± 0.0038 0.16 ± 0.0042 0.04 ± 0.0032
7 RSII BluePippin size selection: 5kb+ 1082 990 1118.95 ± 4.70 1022.00  ± 4.45 0.11 ± 0.0050 0.19 ± 0.0062 0.04 ± 0.0039
8 Sequel 1h 902 701 1149.16 ± 40.59 774.48  ± 22.65 0.44 ± 0.0909 0.19 ± 0.0544 0.55 ± 0.1298
9 Sequel 2h 882 725 1054.95 ± 29.44 821.98  ± 23.19 0.19 ± 0.0453 0.09 ± 0.0120 0.28 ± 0.0925
10 Sequel 3h 988.5 828.5 1125.82 ± 19.84 909.89  ± 15.13 0.20 ± 0.0459 0.10 ± 0.0090 0.25 ± 0.0597
11 Sequel 4h 840 676 1128.46 ± 36.37 727.83 ± 19.74 0.34 ± 0.0672 0.13 ± 0.0141 0.45 ± 0.0942
12 Sequel 4h 2nd 1006 885 1227.22 ± 10.32 969.31 ± 6.94 0.50 ± 0.0213 0.17 ± 0.0057 0.49 ± 0.0390
13 Sequel 6h 953 753 1116.97 ± 13.58 861.71 ± 10.00 0.23 ± 0.0184 0.09 ± 0.0049 0.24 ± 0.0337
14 Sequel 8h 996 878 1177.50 ± 9.61 981.88  ± 7.95 0.21 ± 0.0133 0.10 ± 0.0041 0.12 ± 0.0141
15 Sequel 8h 2nd 1089 907.5 1277.91 ± 6.85 1057.00 ± 5.46 0.26 ± 0.0101 0.13 ± 0.0031 0.14 ± 0.0089
16 MinION 1D cDNA Manual size selection: 500bp+ 606 479 792.48 ± 1.89 655.79 ± 1.63 3.26 ± 0.0063 6.04 ± 0.0068 6.63 ± 0.0091
17 MinION dRNA 465 408 537.17 ± 9.76 524.67 ± 10.47 2.01 ± 0.0537 8.84 ± 0.0832 5.57 ± 0.0620
18 MinION Cap-selection 783 637 965.34 ± 1.36 688.73 ± 0.74 3.29 ± 0.0047 5.28 ± 0.0042 6.74 ± 0.0066
19 MinION 1D cDNA barcoded 1h 485 286 589.68 ± 2.19 392.62 ± 2.00 2.96 ± 0.0156 4.54 ± 0.0169 4.61 ± 0.0186
20 MinION 1D cDNA barcoded 2h 462 281 518.55 ± 0.69 334.78 ± 0.59 3.04 ± 0.0071 4.57 ± 0.0073 4.66 ± 0.0081
21 MinION 1D cDNA barcoded 3h 466 283 521.58 ± 1.32 337.82 ± 1.18 2.80 ± 0.0138 4.39 ± 0.0142 4.51 ± 0.0163
22 MinION 1D cDNA barcoded 4h 469 284 526.01 ± 1.01 342.85 ± 0.91 3.01 ± 0.0123 4.46 ± 0.0105 4.64 ± 0.0120
23 MinION 1D cDNA barcoded 6h 487 291 570.35 ± 1.29 383.47 ± 1.19 2.84 ± 0.0109 4.47 ± 0.0107 4.88 ± 0.0118
24 MinION 1D cDNA barcoded 8h 513 303 648.63 1.70 447.74 ± 1.55 2.92 ± 0.0109 4.37 ± 0.0098 4.70 ± 0.0109
25 MinION 1D cDNA barcoded 12h 469 284 526.76 ± 0.85 346.08 ± 0.79 2.85 ± 0.0092 4.47 ± 0.008 4.55 ± 0.0101
B     Run 
#

























1 RSII mix no size selection 1393.5 1354 1446.21 ± 23.62 1374.1 ± 24.84 0.29 ± 0.0968 0.66 ± 0.063 1.24 ± 0.0957
2 RSII mix random primed 847 744 945.83 ± 9.04 840.11 ± 9.32 0.22 ± 0.0399 0.46 ± 0.0200 1.03 ± 0.0524
3 RSII mix BluePippin size selection: 0.8-5kb+ 1081 933 1132.69 ± 2.05 933.03 ± 2.40 0.60 ± 0.0171 0.57 ± 0.0895 1.27 ± 0.0099
4 RSII BluePippin size selection: 0.8-2kb 1090 956 1199.54 ± 4.16 1016.52 ± 4.77 0.57 ± 0.0299 0.49 ± 0.0159 1.22 ± 0.0173
5 RSII BluePippin size selection: 2-3kb 1238 1141 1257.92 ± 4.21 1129.90 ± 4.83 0.32 ± 0.0255 0.52 ± 0.0143 1.45 ± 0.0241
6 RSII BluePippin size selection: 3-5kb 1015 789 1151.05 ± 2.51 881.73 ± 2.33 0.68 ± 0.0151 0.73 ± 0.0085 1.82 ± 0.0102
7 RSII BluePippin size selection: 5kb+ 1033 830 1092.51 ± 3.52 852.45 ± 4.33 0.68 ± 0.0348 0.65 ± 0.0180 2.30 ± 0.0221
8 Sequel 1h 1341 922 1488.88 ± 4.38 1063.58 ± 4.33 0.53 ± 0.0131 0.29 ± 0.0063 1.49 ± 0.0138
9 Sequel 2h 1112 997 1318.41 ± 4.40 1191.07 ± 4.09 0.38 ± 0.0081 0.18 ± 0.0026 1.41 ± 0.0115
10 Sequel 3h 1317 1196 1453.95 ± 3.34 1304.42 ± 2.95 0.51 ± 0.0070 0.22 ± 0.0024 1.15 ± 0.0075
11 Sequel 4h 1240 1088 1448.78 ± 5.32 1185.50 ± 4.01 0.68 ± 0.0114 0.28 ±  0.0041 1.13 ± 0.0096
12 Sequel 4h 2nd 1796 1340 1865.73 ± 1.69 1302.18 ± 1.96 0.84 ± 0.0071 0.26 ± 0.0022 0.71 ± 0.0031
13 Sequel 6h 1403 1268 1530.68 ± 2.86 1368.60 ± 2.57 0.53 ± 0.0065 0.22 ± 0.0020 1.25 ± 0.0064
14 Sequel 8h 1531 1394 1642.16 ± 3.03 1505.74 ± 3.00 0.50 ± 0.0067 0.21 ± 0.0020 1.85 ± 0.0078
15 Sequel 8h 2nd 1656 1058 1720.46 ± 3.48 1152.01 ± 3.82 1.04 ± 0.0208 0.33 ± 0.0056 1.16 ± 0.0079
16 MinION 1D cDNA Manual size selection: 500bp+ 775 481 1127.15 ± 2.36 763.42 ± 1.65 4.25 ± 0.0120 5.63 ± 0.0072 6.62 ± 0.0073
17 MinION dRNA 510 376 606.26 ± 4.10 495.05 ± 3.93 3.06 ± 0.0453 7.86 ± 0.0402 5.92 ± 0.0305
18 MinION Cap-selection 664 476 815.83 ± 0.87 502.38 ± 0.48 3.81 ± 0.0091 5.60 ± 0.0053 7.02 ± 0.0061
19 MinION 1D cDNA barcoded 1h 712 478 914.17 ± 2.18 674.09 ± 2.18 3.35 ± 0.0125 5.11 ± 0.0117 5.72 ± 0.0105
20 MinION 1D cDNA barcoded 2h 593 389 775.40 ± 0.77 558.52 ± 0.76 3.30 ± 0.0047 5.15 ± 0.0045 5.64 ± 0.0040
21 MinION 1D cDNA barcoded 3h 596 395 755.74 ± 1.62 539.09 ± 1.62 3.00 ± 0.0113 5.03 ± 0.0103 5.37 ± 0.0094
22 MinION 1D cDNA barcoded 4h 595 390 743.67 ± 1.25 520.05 ± 1.26 3.03 ± 0.0096 5.06 ± 0.0086 5.39 ± 0.0078
23 MinION 1D cDNA barcoded 6h 610 396 769.19 ± 1.49 535.50 ± 1.49 3.04 ± 0.0109 5.06 ± 0.0099 5.42 ± 0.0088
24 MinION 1D cDNA barcoded 8h 645 390 852.11 ± 2.46 543.46 ± 2.54 3.02 ± 0.0214 4.49 ± 0.165 4.92 ± 0.0142
25 MinION 1D cDNA barcoded 12h 497 45 611.37 ± 1.81 252.51 ± 2.07 2.93 ± 0.0352 3.26 ± 0.0242 3.76 ± 0.0198  
Supplementary Table 6. Summary statistics of the sequencing reads which mapped to the viral 
genome (A) and to the host reference genome (B) from each run. SE: standard error. * The difference 
between the yield of the size-selected and non-size-selected samples might be caused by the 
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underloading of the SMRT Cell and it is independent from the size-selection step. In some cases, 
PacBio run results in low output, for which the possible reason is the underloading of the Cells 
Run # Samples Chlorocebus sabaeus VACV
Run 1 RSII mix no size selection 82.31 17.69
Run 2 RSII mix random primed 98.94 1.06
Run 3 RSII mix Bluepippin: 0.8-5kb+ 74.28 25.72
Run 4 RSII Bluepippin: 0.8-2kb 87.21 12.79
Run 5 RSII Bluepippin: 2-3kb 75.14 24.86
Run 6 RSII Bluepippin: 3-5kb 71.40 28.60
Run 7 RSII Bluepippin: 5kb+ 64.42 35.58
Run 8 Sequel 1h 98.82 1.18
Run 9 Sequel 2h 98.64 1.36
Run 10 Sequel 3h 98.46 1.54
Run 11 Sequel 4h 98.12 1.88
Run 12 Sequel 4h 2nd 98.10 1.90
Run 13 Sequel 6h 97.10 2.90
Run 14 Sequel 8h 89.73 10.27
Run 15 Sequel 8h 2nd 92.10 7.90
Run 16 MinION 1D cDNA Manual size selection: 500bp+ 76.54 23.46
Run 17 MinION dRNA 92.13 7.87
Run 18 MinION Cap-selection 67.78 32.22
Run 19 MinION 1D cDNA barcoded 1h 80.20 19.80
Run 20 MinION 1D cDNA barcoded 2h 83.43 16.57
Run 21 MinION 1D cDNA barcoded 3h 79.99 20.01
Run 22 MinION 1D cDNA barcoded 4h 76.27 23.73
Run 23 MinION 1D cDNA barcoded 6h 71.77 28.23
Run 24 MinION 1D cDNA barcoded 8h 51.32 48.68
Run 25 MinION 1D cDNA barcoded 12h 35.88 64.12  
Supplementary Table 7. Summary statistics of the viral and host reads from each run. 
 
Supplementary Figure 10. TSS and TES positions detected by LoRTIA share the TSS and TES positions 
obtained from other studies (Supplementary Table S9) with different frequency. Bar charts represent 






2. Supplementary Note List of transcripts with unknown or non-validated TSSs. 
ORFs without annotated TSS: VACVWR_00030, VACVWR_00040, VACVWR_00050, 
VACVWR_00130, F10L, I5L, I8R, G1L, G6R, G7L, L3L, H2R, H4L, D2L, D3R, D6R, D10R, A7L, 
A11L, VACVWR_01470, A30L, A32L, A38L, VACVWR_01640, VACVWR_01870, B4R, 
VACVWR_01940, VACVWR_02050, VACVWR_02140, VACVWR_02150, VACVWR_02160 
Only Moss-lab: VACVWR_00340, F3L, J5L, A24R  
Only our data: VACVWR_00120, C3L, C8L, VACVWR_00430, F9L, F13L, F17R, E7R, E8R, E10R 
(?c) E11L, O2L, I1L, I2L, I6L, I7L, G2R (c), G8R, G9R, L1R, L4R, L5R, J1R, H1L, H3L, H6R, H7R, 
D11L, D13L, A1L, A2L, A2.5L, A3L, A6L, A9L, A10L, A12L, A13L, A14L, A14.5L, A15L, A16L 
(??A17L.5), A18R, A19L, A20R (?c), A22R, VACVWR_01440, VACVWR_01450, 
VACVWR_01460, A26L, A27L, A28L, A31R, A34R, A39R, A43R, VACVWR_01840, B7R, 
VACVWR_01990, B18R, VACVWR_02040, VACVWR_0207, C13L, B25R, B28R 
3. Supplementary Note Quantitative reverse transcription PCR 
Quantitative reverse transcription PCR [RT-qPCR; Rotor-Gene Q (Qiagen)] was carried out for 
checking the specificity of the cDNA products derived from the Cap-Seq library preparation, as well as 
for the validation of the antisense expression within the A11R and A18R genomic loci. 20 ng total RNA, 
SuperScript IV reverse transcriptase and oligo(dT) primer was used for the RT, while ABsolute qPCR 
SYBR Green Mix (Thermo Fisher Scientific) and gene specific primers (Supplementary Table 5) 
were applied for the amplification of the RT products. 
 
Supplementary Figure 11. Detection of antisense RNA expression from the complementary DNA 
strands of two VACV genes using qRT-PCR. (a) Polymerase chain reaction (PCR) products of the 
A11R transcript and its antisense partner. Abbreviations: M: molecular weight marker; A: A11R 
antisense RNA; B: A11R mRNA; C: A11R antisense RNA—NO-RT control; D: A11R mRNA—NO-RT 
control; E: A18R antisense RNA F: A18R mRNA; G: A18R antisense RNA—NO-RT control; H: A18R 
mRNA—NO-RT control. (b) amplification curves of the A18R gene and its antisense transcripts. (c) 
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Amplification curves of the A18R gene and its antisense transcripts. (d–g) Melting curves are shown to 
demonstrate the specificity of the amplification. The curves of transcripts cross the threshold line 
within 19.5–23.4 cycles, whereas the curves of NO-RT controls remain flat. (d) A11R mRNA and 
antisense RNA. (e) A11R DNA control. (f) A18R mRNA and antisense RNA (g) A18R DNA control. 
 
Supplementary Tble 8. List of the novel intergenic genes. from the predicted promoters are also 
summarized. Previously published corresponding TSS positions, ORF information, and the distance of 
the TSSs of novel genes 
 
Supplementary Table 9. List of the VACV genes with longer TSS isoforms than the canonical transcripts. 
Length of ORFs within the longer UTR variants are presented with differences between main and longer 
isoforms and numbers of ORFs within longer variants. 
Supplementary Table S4. List of the novel intergenic genes. from the predicted promoters are also summarized. 
Previously published corresponding TSS positions, ORF information, and the distance of the TSSs of novel genes 
Transcript 
name
Distance from the 
previously published TSS 





C9.5L 2nt Yang et al (2010) nORF - Yang et al (2015) - 88
C19.5L 3nt Yang et al (2011a) nORF - Yang et al (2015) 45 -
B25.5R 3nt Yang et al (2011a) nORF - Yang et al (2015) 45 -
Supplementary Table S6. List of the VACV genes with longer TSS isoforms than the canonical transcripts. 
Length of ORFs within the longer UTR variants are presented with differences between main and longer isoforms and numbers of ORFs within longer variants.  
Gene Length of ORFs in different frames 5' UTR length Number of ORFs 
C19L/B25R f1: C19.5L (17AS, nORF), 4AS, k2: 5AS, 20AS 131 4
C10L f1: C9.5 (17AS, nORF), 7AS (nORF), 20/21/22AS, k2: 3AS, 12AS, 18AS 399 6
VACWR_15 - 151 -
N1L - 66 -
K1L f1: K1.5L (22AS, dORF), K1.2L (5AS, nORF), 4AS, 18AS, f2: 8AS, 15AS, 5AS 285 7
F5L - 68 -
A1L f1: 32AS (A2L.2-A1L bic) , f2: ouf 8AS (dORF), 4AS, 9AS, f3: 11AS, 593 5
A8R f1: 3AS (nORF), f2: A8AS, f3: 3AS 168 3
A12L - 84 -
VACVWR_161 - 28 -
VACWR_183 - 560 -
B13R f1: 19AS  f2: 4AS (nonMet, uORF) 233 3
F17R f1: 9AS, 8AS, 9AS, 6AS, 3AS, f2: 14AS 270 6
G5.5R f1: 3AS 187 1
H6R f1: 89AS (H5R.5 bic) 280 1
A34R f1: 416AS (A33R.7?? bic) 541 1
A43R f1: 28AS (A42R.5?) 181 1
B7R f1: 106AS (B6R.5 bic?) 359 1
C13L - 106 -
M1L f1: 96AS (M2L.5 bic?) f2: 39AS, 6AS/3AS, f3: 5AS, 3AS, 3AS 273 6
F14.5L f1: 3AS, f2: 16AS 95 2
H3L f1: 80AS (H4L.5 bic), f2: 6AS, f3: 10AS 364 3
A2L - 50 -
A14.5L - 55 -
C5L f1:198AS (C4L.5 bic) , f2: 12AS, f3: 6AS 931 3
mean median
all 258 187
mean of potential uORF containing l variants 331 277





Supplementary Figure 12 S1. The B12R-B13R-B15R region of the VACV genome as a typical 
example of a regular transcript region in the VACV transcriptome. (a) illustration of polycistronic 
transcripts within the B12R-B15R region; (b) examples of non-coding transcripts; (c) representation 









Supplementary Figure 13 S2. 5'-untranslated region (UTR) length distributions of transcript variants. 






Supplementary Figure 14 S3.  Fully overlapping complex transcripts. (a) A8R-A9L genomic loci. (b) 
E10R-E11L region. Color legend: yellow: annotated ORFs; blue: transcripts, determined by this 






























F17R c F17R-E1L 










Supplementary Table 10. List of the complex RNAs 








Supplementary Figure 15 S4. Shared transcription start and end site positions across the VACV 
genome. (a) TSS sites shared by ≥ 1 transcript isoforms; the X axis represents genome positions and 
the Y axis shows the number of transcript isoforms. (b) TES positions shared by ≥ 1 RNA isoforms; the 




Supplementary Figure 16 S5.  Transcript isoforms. The X-axis represents genomic coordinates of the 
first ATGs of the ORFs. The number of LoRTIA-annotated transcript isoforms of given genes are 






 Supplementary Figure17. S7. The transcript isoform categories used in this study and their 
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Long‑read assays shed new light 
on the transcriptome complexity 
of a viral pathogen
Dóra tombácz1,4, István Prazsák1,4, Zsolt Csabai1, Norbert Moldován1, Béla Dénes2, 
Michael Snyder3 & Zsolt Boldogkői1*
characterization of global transcriptomes using conventional short‑read sequencing is challenging 
due to the insensitivity of these platforms to transcripts isoforms, multigenic RNA molecules, and 
transcriptional overlaps. Long‑read sequencing (LRS) can overcome these limitations by reading full‑
length transcripts. Employment of these technologies has led to the redefinition of transcriptional 
complexities in reported organisms. In this study, we applied LRS platforms from Pacific Biosciences 
and Oxford Nanopore Technologies to profile the vaccinia virus (VACV) transcriptome. We performed 
cDNA and direct RNA sequencing analyses and revealed an extremely complex transcriptional 
landscape of this virus. In particular, VACV genes produce large numbers of transcript isoforms that 
vary in their start and termination sites. A significant fraction of VACV transcripts start or end within 
coding regions of neighbouring genes. This study provides new insights into the transcriptomic profile 
of this viral pathogen.
Members of the Poxviridae family infect various vertebrate and invertebrate host  species1. Most notably, the 
variola virus is the causative agent of  smallpox2. VACV has roughly 90% sequence homology with variola. The 
VACV virion contains 195 kilobase pairs (kbp) of double-stranded DNA comprising at least 200 open reading 
frames (ORFs), twelve of which are present in terminal  repeats3–5. This viral genome encodes enzymes for DNA 
and RNA synthesis, transcription factors, and for enzymes that  cap6 and  polyadenylate7 RNA molecules. All of 
these proteins allow VACV replication in the cytoplasm of host cell.
Viral gene expression is regulated by stage-specific transcription factors that specifically bind to promoters 
of early (E), intermediate (I), and late (L)  genes8–11. The complete transcription machinery is already packaged 
in the VACV virion allowing E genes to be expressed immediately after entering the cell, when the viral genome 
is still  encapsidated4. Subsequently, DNA replication occurs which is followed by the expression of I and then L 
genes classes. Synthesis of I mRNAs is dependent on de novo expression of E viral proteins, whereas synthesis 
of mRNAs from L genes requires the expression of certain E and I genes. During the last stage of infection, 
newly assembled virus particles egress from host cells. E genes encode proteins that synthesize DNA and RNA 
molecules, and others that play roles in virus-host interactions; whereas post-replicative (PR) genes (I and L 
genes) mainly specify structural elements of the  virus12. VACV genes belonging in the same kinetic class have 
been shown to exhibit a strong preference for co-localization13. Namely, E genes are reportedly clustered near 
genomic termini and are transcribed in the same  direction14, whereas I and L genes are clustered at the central 
part of the viral  DNA15. Using genome tiling arrays, Assarsson and colleagues demonstrated that 35 viral genes 
are expressed in immediate-early (IE)  kinetics13. However, this terminology has not become widely accepted. 
In other DNA viruses, such as  herpesviruses16 and  baculoviruses17, IE RNAs are expressed in the absence of 
de novo protein synthesis, whereas E and L RNAs are dependent on the synthesis of IE proteins. According to 
this classification, all VACV E transcripts should belong to the IE kinetic  class18. An alternative classification by 
Yang et al. categorized early VACV gene transcripts into two classes, E1.1 and E1.2.19, and defined the ensuing 
expression kinetics according to higher affinity of transcription factors for E1.1 than for E1.2 promoters. The three 
classes of genes have distinctive  promoters10. The consensus transcription termination sequence of E transcripts 
(UUUUUNU) is non-functional in PR transcripts, which mostly have polymorphic 3′  ends20,21.
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Many PR and a few E transcripts have 5′ poly(A) tails (PAT). PATs are supposedly generated by RNA poly-
merase slippage onto adjacent thymines on the DNA  strand22. In addition to genome tiling  analyses23, RNA-
Seq19, ribosome  profiling12,24, and  microarrays25,26 have also been used for VACV transcriptome profiling. Yang 
and colleagues mapped 118 E genes and 93 PR genes using a short-read sequencing (SRS)  technique16, and in 
a later study, they distinguished 53 I and 38 L genes among the PR  genes17. Ribosome profiling analysis also 
confirmed canonical translational initiation sites (TISs) and demonstrated that additional TISs occur mostly 
within the ORFs. These TISs were also detected in 5′-untranslated (UTRs) and intergenic regions, as well as on 
complementary DNA  strands12. However, because most of these ORFs were short, the authors doubted their 
biological relevance. In another study by Yang and colleagues, transcript abundance was highly correlated with 
ribosome-protected reads, suggesting that translation is largely regulated by mRNA  abundance12. The tech-
niques used in the above mentioned studies cannot detect full-length RNA molecules, and hence fail to provide 
a comprehensive assessment of the viral transcriptome. Although deep SRS provides satisfactory sequencing 
depth and coverage for global transcriptome profiling, the resulting RNA assemblies are incomplete, leading to 
inadequate annotations.
The major limitations in VACV transcriptome profiling relate to multiple transcriptional read-throughs 
that generate a complex meshwork of overlapping RNAs and to the large variation in transcriptional end sites 
(TESs). Additionally, the extensive use of alternative promoters leads to a large diversity of transcription start 
sites (TSSs). Hence, conventional techniques that fail to read entire RNA molecules have considerably under-
estimated the complexity of the poxvirus transcriptome. Earlier, we used two long-read sequencing (LRS) plat-
form Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT)] to profile the transcriptomes of 
herpesviruses, including pseudorabies  virus27,28, herpes simplex virus type  129,30, varicella-zoster  virus31, and 
human  cytomegalovirus32,33. These analyses identified polycistronic RNAs, transcript isoforms, and transcrip-
tional overlaps, and facilitated the kinetic characterization of viral  transcripts34,35.
Herein, we report the transcriptomic analyses of the Western Reserve (WR) strain of VACV using PacBio 
RSII and Sequel platforms, and ONT MinION platform for cDNA, direct RNA (dRNA), and Cap-sequencing 
(Cap-Seq).
Results
Long‑read transcriptome sequencing of vaccinia virus. In this study, we performed polyadenyla-
tion sequencing techniques for the investigation of the VACV transcriptome. We used PacBio isoform sequenc-
ing (Iso-Seq) template preparation protocol for the RSII and Sequel platforms, and the ONT MinION device 
to sequence cDNAs and native RNAs. For ONT sequencing, we used the company’s own library preparation 
approach (1D-Seq), or the Teloprime Cap-selection protocol from Lexogen, which was adapted for the MinION 
sequencer. The obtained datasets were then used to define and validate viral TSS and TES coordinates using the 
LoRTIA pipeline (https ://githu b.com/zsolt -balaz s/LoRTI A) that was developed by our research  group36. The 
workflow for library preparation and analysis is shown in Fig. 1.
PCR amplification was used in all our sequencing techniques with the exception of dRNA sequencing where 
no amplification occurred. Direct RNA sequencing offers an alternative to cDNA sequencing because it lacks the 
recoding and amplification biases inherent in reverse transcription (RT) and PCR-based methods. We also used 
random primer-based RT for some ONT sequencing analyses. All methods generated high-coverage LRS data 
and determined both TSSs and TESs of viral transcripts with base-pair precision (see below). LRS can be used 
to detect individual RNA molecules and identify alternatively transcribed and processed RNAs, polycistronic 
transcripts, and transcriptional overlaps. Despite this straightforward utility, identification of transcript ends 
(especially of TSSs) was extremely challenging due to the tremendous complexity of the VACV transcriptome. 
The amplified SMRT Iso-Seq technique utilizes a switching mechanism at the 5′-end of the RNA template, thereby 
generating full-length  cDNAs37.
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An advantageous feature of the PacBio technique is that any error that arises can be easily corrected due to its 
high consensus  accuracy38. In this study, we used a workflow and pipeline for transcriptome profiling of long-read 
RNA sequencing data that was developed in our  laboratory30,32,39. In total, about 1,115,000 reads of inserts (ROIs) 
were generated using the PacBio platform (Supplementary Table S1). In addition to PATs, ROIs can potentially 
be produced non-specifically from A-rich regions of the RNA  molecules36. Thus, we excluded these products 
from further analysis using the LoRTIA toolkit. Non-specific binding of the adapter and PCR primer sequences 
to cDNAs can also lead to false positives and we excluded these artefacts using bioinformatic filtering. We also 
used the LoRTIA toolkit to confirm that the 5′- and 3′-termini of the sequencing reads represented real TSSs 
and TESs, respectively. When two or more sequencing reads with the same TSS contained different TESs, they 
were considered independent ROIs. Similarly, ROIs with different PAT lengths were regarded as independent. 
We also accepted those TSSs that have been described by  others19,40–46.
The advantages of the ONT MinION sequencing technique over the PacBio platform include cost-effective-
ness, higher read output, and the ability to read sequences within the range of 200 to 800bps, in which PacBio and 
the SRS techniques are less  effective47. Although this method is hampered by high error rates, sequencing accu-
racy is not particularly detrimental to transcriptome analyses of well-annotated genomes, such as that of  VACV48. 
In addition to the oligo(dT)-based 1D protocol from ONT, we prepared a random hexanucleotide-primed RT 
to detect the non-polyA(+) RNA fractions and to validate TSSs. A Cap-Seq approach was used to identify TSS 
positions. Together, the nanopore sequencing methods yielded approximately 535,000 viral sequencing reads.
VACV ORFs are relatively short (Supplementary Table S2) and many of them overlap with each other. Because 
the PacBio MagBead loading protocol selectively removes DNA fragments shorter than  1kb49, potential monocis-
tronic transcripts with a short ORFs are underrepresented or missing in these datasets. Nonetheless, in analyses 
of very long polycistronic and complex transcripts, PacBio has better sequencing precision than ONT. Thus, the 
combined use of these LRS methods eliminates the shortcomings of both. Native RNA sequencing can circumvent 
spurious transcription reads that are generated in PCR and RT reactions by false priming, template switching, 
or second-strand synthesis. The major disadvantage of dRNA sequencing is that a few bases are always missing 
from the 5′-ends of transcripts, and in many cases also from the 3′-ends50. Under these sequencing conditions, 
it is assumed that the lacking 5′-end nucleotides are the consequence of perturbed base calling due to premature 
release of the mRNA from the motor protein, which hasten the progress of RNA molecules across pores. The 
frequent absence of PATs in sequencing reads is explained by the miscalling of adapter nucleotides that are ligated 
downstream of PATs on the RNA molecule, thus muddling of the raw signal of the downstream ‘A’ homopolymer. 
The present dRNA-Seq analysis returned a total of approximately 195,000 reads.
This study demonstrates an extremely complex transcription pattern along the entire viral genome. Our 
sequencing approaches detected transcriptional activity at every nucleotide of the VACV genome. The number 
of annotated ORFs vary between 201 and  2633,51 depending on the strain and study. We identified 218 ORFs in 
the WR strain (GenBank accession number is LT966077.1) using in silico methods. 184 out of 218 ORFs were 
expressed either as exclusively monocistronic or as both mono- and polycistronic RNA molecules. We detected 
8,191 unique putative transcripts using the LoRTIA pipeline (Supplementary Table S3a). When we applied a cri-
terion of accepting only those transcripts which were identified by two different techniques and/or in three inde-
pendent experiments, this number decreased to 1480 transcripts (Supplementary Table S3b), including potential 
mRNAs, non-coding transcripts, or RNA isoforms. Transcripts annotated by LoRTIA represented 175 ORFs 
(Supplementary Table S3b, c). Altogether 99.32% of TSSs, and 98.62% of TES positions of the annotated 1,480 
transcripts were reobtained by Guppy basecalling (Supplementary Table S3b). Our dataset contains full-length 
transcripts for about 20 additional ORFs (Supplementary Table S3d), but no full-length reads were detected for 
about 25 ORFs. These regions contain several transcriptional reads without exact TSS and/or TES positions.
We introduce the concepts of ‘regular’ and ‘chaotic’ genomic regions. At the ‘regular’ genomic segments viral 
genes produce transcript with relatively exact TSSs and TESs (Supplementary Fig. S1). However, at the ‘chaotic’ 
genomic loci the transcripts exhibit high heterogeneity with respect to the exact positions of TSSs and TESs 
(Fig. 2). Transcripts with highly diverse transcription initiation and termination sites are encoded by the I and 
L genes (such as O1L, O2L, I1L, I2L, I3L, A10L, A11R, A12L, A18R genes) at particularly the late time points of 
the infection. This phenomenon creates considerable difficulty in identifying individual transcripts.
putative protein‑coding genes. Herein, we identified (a) genes in new genomic positions, (b) embed-
ded genes (5′-truncted in-frame ORFs within larger canonical ORFs), and (c) short upstream ORFs (uORFs, 
preceding the main ORFs). We considered the most abundant transcript isoform specified by a given gene as the 
canonical (main) transcript. (Note S1). The novel ORFs and transcripts were named according to the common 
(Copenhagen) HindIII fragment letter/number-based  nomenclature45. All VACV transcripts (identified by the 
LoRTIA pipeline) are presented in a Geneious file available at FigShare (Supplementary Note S2).
Genes at novel genomic positions. We detected two novel putative mRNAs with short ORFs (both 51bps) that 
are located in the intergenic genomic regions (B25.5R/C19.5L, C9.5L) of two divergently oriented genes. The 
TSS positions of these transcripts have previously been  reported14,19 (Supplementary Table S4). Our analysis 
showed that these ORFs are expressed both alone in separate transcripts and as upstream ORFs (uORFs) located 
5′ of canonical ORFs in longer transcripts.
Embedded genes. A characteristic feature of the VACV genome is that it contains several short in-frame ORFs, 
called embedded genes, many of which are  translated12,40. Using full-length RNA sequencing we identified 49 
novel putative embedded genes with 5′-truncated in-frame ORFs, which were shorter than the in silico anno-
tated canonical ORFs (Fig. 3). This study demonstrated that these putative genes specify more than 300 tran-
4
Vol:.(1234567890)
Scientific RepoRtS |        (2020) 10:13822  | https://doi.org/10.1038/s41598-020-70794-5
www.nature.com/scientificreports/
Figure 2.  Complexity of VACV ‘chaotic regions’. (a) high expression of antisense transcripts within the A18R 
locus; (b) transcription start and end sites within the open reading frames (ORFs) of L genes; (c) extremely 
high expression levels of antisense RNAs and other non-coding transcripts at the A10L-A12L region; (d) 
enormous numbers of non-coding transcripts and transcript isoforms within the O1L–I3L genomic segment. 
All transcripts were identified using the LoRTIA toolkit.
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script isoforms. We initially assumed that the TISs of these internal ORFs were the closest in-frame ATGs to 
canonical host ORFs. However, this is not necessarily the case, a large number of TISs were detected by others 
using ribosome  profiling12. We identified 22 unique promoters associated with these TISs using our in-house 
scripts but we detected only six transcripts that contain in-frame ORFs (Supplementary Table S5).
Upstream ORFs. Upstream ORF-containing transcripts are considered to play a regulatory role in eukary-
otic gene  expression52. Translation of uORFs typically inhibit downstream expression of canonical ORFs. The 
5′-UTR of uORF-containing transcripts are reportedly ≥ 75 bp in  length52. Several in silico and experimental 
studies have shown that 40–50% of human and mouse mRNAs contain at least one  uORF53,54. We applied strict 
criteria for filtering data obtained by the LoRTIA toolkit and thereby revealed that 25 previously annotated 
VACV genes express longer TSS variants than the canonical transcripts. On average, the 5′-UTRs of the main 
transcript isoforms were 101 bp (Supplementary Fig. S2), whereas the longer variants were 258 bp long (Sup-
plementary Table S6). Most of these transcript isoforms (64%) contain at least one ORF preceding the main ORF 
with an average 5′-UTR length of 331 nts. We set the minimal size limit of these uORFs to 9 nts comprising at 
least one triplet between the putative start and stop codons, as described by Scholz and  colleagues55. We also set 
a maximal ORF length of 90 nts and considered transcripts with longer upstream ORFs as bicistronic. Eleven 
VACV transcripts with 5′-UTR variants were found to contain multiple uORFs. G5.5R was the only gene in 
which the longer transcript isoform contained a single uORF. The VACV transcriptome is distinguished by a 
high number of TSS and TES positions and.
Non‑coding transcripts. In this work, we identified 356 novel putative long non-coding RNAs (lncRNAs; ≥ 200 
bps) using the LoRTIA toolkit (Supplementary Table S3b). We also identified 13 potential short ncRNAs (sncR-
NAs; ≤ 200 bps) with lengths varying between 121 and 193 bps.
Antisense RNAs. With few exceptions, we detected transcriptional activity from both DNA strands along the 
entire viral genome. The ratio between the mRNAs and antisense RNAs (asRNAs) varied between genomic 
locations. After applying the strict criteria to the LoRTIA tool, exactly 100 antisense transcripts were located 
at the genomic loci A5R (a single transcript), A11R (89 transcripts), and A18R (10 transcripts) (Fig. 4). The 
A11R antisense transcripts are various combinations of six TSS and 40 TES positions, whereas antisense A18R 
transcripts have the same TSSs but vary in their termination sites. Some of these transcripts contain small ORFs, 
which might indicate coding potentials (Note S2). In most cases, the level of asRNA expression was relative low, 
that is why the LoRTIA tool was unable to identify these molecules.
Intragenic non‑coding transcripts. After applying our strict filtering criteria, we identified 260 3′-truncated 
transcripts from the LoRTIA dataset. We considered these as non-coding transcripts because they lacked in-
frame stop codons. However, we cannot exclude the possibility that they utilize an out-of-frame ORF for protein 
coding. These transcripts were detected to be expressed from 41 viral genes (36.15% of them are located within 
the O1L region). The A37R (8.85%) and A10L (5.38%) regions and the F12L-F13L gene cluster (11.15%) also 
expressed a substantial number of 3′-truncated RNAs. Altogether 62% of the 3′-truncated ncRNAs are located 
within five VACV ORFs (Supplementary Table S3b).
Figure 3.  Schematic of two examples of the identified putative embedded genes. We detected a number of 
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Replication‑associated transcripts. The VACV genome contains multiple replication origins (Oris)56 located 
near the genomic termini. Oris are overlapped by many low-abundance ncRNAs; however, due to their large 
variation in length, their TSSs and TESs were not identified by either LoRTIA or other methods. We demonstrate 
that these RNAs are expressed from 4 h post infection (p.i.), and they may play similar roles as the replication-
associated RNAs of other  herpesviruses57.
Novel mono‑, bi‑ and polycistronic RNAs. In ‘regular’ genomic regions we detected 135 monocistronic 
coding transcripts of previously annotated ORFs using the LoRTIA software suit, and 12 additional mRNAs 
that did not meet the LoRTIA criteria due to their low abundance (Supplementary Table S7). Similar to other 
viruses and prokaryotes, but unlike the eukaryotic organisms, VACV reportedly express bi- and polycistronic 
 transcripts58–60. Our study detected altogether 43 bicistronic, 137 tricistronic, 92 tetracistronic, 15 pentacis-
tronic, and 5 hexacistronic RNA molecules (Supplementary Table S3b, c).
complex transcripts. We term complex RNAs (cxRNAs) those multigenic transcripts which contain at 
least two ORFs in opposite orientations. This study detected 30 cxRNA molecules (Supplementary Table S3b, c, 
d, S8, Note S2) encoded by nine genomic segments. Six of these are TES isoforms of the A12L–A11R complex 
transcript, five cxRNAs are the combinations of TSSs and TESs within the A14L-A13L-A12L-A11R region, and 
four transcripts are alternative TES variants of VACVWR_161-A38L RNA. Three additional complex transcripts 
were excluded by LoRTIA analyses due to the low coverage at this genomic region. Since most VACV genes stand 
in tandem orientation with each other, and only a few convergently and divergently positioned gene pairs are 
present, the number cxRNAs is low compared to herpesviruses. Two cxRNAs (c-A21L-A20R, c-G3L-G2R) were 
considered non-coding because their upstream genes stand in an antisense orientation on the transcript. The 
remaining complex transcripts were categorized as mRNAs, because their first ORFs stand in the sense direc-
tion. We detected cxRNAs with convergently-oriented genes at E10R-E11L and A8R-A9L genomic regions. Fully 
overlapping convergent cxRNAs were also detected in the E10R-E11L region (Supplementary Fig. S3).
Figure 4.  Detection of antisense RNA expression from the complementary DNA strands of two VACV genes 
using qRT-PCR. (a) Polymerase chain reaction (PCR) products of the A11R transcript and its antisense partner. 
Abbreviations: M: molecular weight marker; A: A11R antisense RNA; B: A11R mRNA; C: A11R antisense 
RNA—NO-RT control; D: A11R mRNA—NO-RT control; E: A18R antisense RNA F: A18R mRNA; G: A18R 
antisense RNA—NO-RT control; H: A18R mRNA—NO-RT control. (b) amplification curves of the A18R gene 
and its antisense transcripts. (c) Amplification curves of the A18R gene and its antisense transcripts. (d–g) 
Melting curves are shown to demonstrate the specificity of the amplification. The curves of transcripts cross the 
threshold line within 19.5–23.4 cycles, whereas the curves of NO-RT controls remain flat. (d) A11R mRNA and 
antisense RNA. (e) A11R DNA control. (f) A18R mRNA and antisense RNA (g) A18R DNA control.
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LRS reveals highly complex isoform heterogeneity. Transcript isoforms include 5′- and 3′-UTR 
length variants of RNA molecules. Using tag-based RNA-Seq methods with SOLiD and Illumina sequencing 
platforms, Yang and co-workers determined 5′- and 3′-ends of VACV E mRNAs with high  precision14,19 and also 
mapped terminal sequences of I and L  transcripts40. These authors also described the expression profiles of I and 
L RNA-products16. These studies identified several hundreds of TSSs and PASs; but they were unable to ascertain 
the precise 3′-ends of RNAs due to the high transcriptional  complexity14.
Transcription start sites. We annotated 1073 TSSs of VACV transcripts, 987 of which have not previously 
been detected (Supplementary Table S9). Eighteen percent of TSSs matched with base-pair precision to those 
described by Yang and  colleagues14,15,19,40. This value increased to 70% when we allowed a ± 10-nt, and to 93% 
once we allowed a ± 30-nt precision interval for the location of TSSs (Fig. 5a). Altogether 898 TSSs were detected 
in ‘regular’ regions. The previously published TSS positions are depicted in FigShare (Supplementary Note S2).
Transcription end sites. The TESs of early transcripts were increasingly heterogenic at late time points of infec-
tion, potentially because transcription termination signal recognition depends on different factors in early- and 
PR  phases12,14,15,19. Due to the extremely high TES diversity (Supplementary Fig. S4), we analysed their positions 
within a ± 30-nt interval. We found that 24% of our annotated TESs matched the positions of the polyadenylation 
sites described by Yang et al.15 (Fig. 5b). Moreover, most genes express multiple transcript isoforms (median = 4, 
mean = 6.95), up to 30 in extreme cases, such as in regions.N1L, O2L, I1L, and A12L (Supplementary Table S3b; 
Supplementary Fig. S5). Moreover, no TSS positions belonging to 30 annotated ORFs, particularly in the A8R-
A17L region, have been annotated in our and others’ studies (Note S3).
cis‑regulatory elements. Yang and colleagues described a 15-nucleotide consensus promoter core motif 
upstream of E genes, but these sequences were also present at other genomic locations. We identified this motif 
at nine novel positions upstream of (C9.5L, F4L, F7L, J3R, A15R, VACWR_161, and A51R) and inside (A36R 
and VACWR_169) ORFs. Cis-regulatory elements have not previously been annotated within these regions 
(Note S2). However, these core motifs are not present in the chaotic genomic regions. Additionally, most TESs of 
novel transcripts are located about 50 nucleotides downstream of UUUUUNU termination signals, as described 
by Yang et al.19. Those TESs which were not preceded by this motif might use an alternative mechanism for pol-
yadenylation-site selection. Matching TSSs with TESs can only be carried out using LRS techniques, which are 
therefore crucial for the transcriptome analysis, especially in VACV which exhibits a very complex gene expres-
sion profile. We found that in certain DNA segments of ‘chaotic’ regions almost all base positions can function 
as TESs. Transcription initiation was also found to be stochastic at these regions. Accordingly, our analysis 
revealed that VACV genes express transcripts with multiple shared TSSs (Fig. 2a–c, Supplementary Fig. S4a) and 
TES positions (Fig. 2c, d, Supplementary Fig. S3b). Distributions of TSSs and TESs along the VACV genome 
are presented in Supplementary Fig. S6. We identified TSSs for 90% of the promoters described by Yang et al., 
(2010), with the exception of G2R, J6R, A18R, A20R, and five hypothetical genes located in the repeat region of 
the VACV genome. We used in silico promoter predictions to detect potential TATA- and CAAT-box consen-
sus sequences of the present TSSs. We analysed 146 TSSs without previously annotated promoters and found 
TATA-boxes in 88 (Fig. 6, Supplementary Table S10), and CAAT-boxes in 5 of them (Supplementary Table S10). 
The median distance between a TSS and a putative TATA-box was 54 nts. Yet, no significant differences in pro-
moter–TSS distances were identified between 5′-truncated and canonical transcript isoforms, suggesting that 
these cis-regulatory structures were similar in these two types of VACV genes (Fig. 6).
transcriptional overlaps. Using multiplatform analyses, we revealed an extremely complex meshwork of 
transcriptional overlaps, which were expressed by all viral genes. Cumulatively, 154 tandem, 32 divergent, and 
32 convergent gene pairs were found in the VACV genome, with 21 overlapping ORFs between tandem genes, 13 
between convergent gene pairs, and 5 between divergent gene pairs. Moreover, closely-spaced tandem genes can 
form partial and full parallel overlaps. We also detected 106 parallel transcriptional overlaps between tandem 
genes (Supplementary Table S11). Seventeen of the 32 convergent gene pairs formed UTR-UTR overlaps (Sup-
Figure 5.  Jitter plot visualization of transcriptional start site distribution across the VACV genome. (a) 
Distribution of TSSs of our annotated transcripts are shown at the top (red dots); the TSSs detected using 
LoRTIA are depicted in the middle (orange). TSS positions described by  others14,15,19,40 are located at the bottom 
of the figure (blue). (b) TSS and TES positions detected by LoRTIA share the TSS and TES positions obtained 
from other studies (Supplementary Table S9) with different frequency. Bar charts represent the fall of TSS and 
TES positions within a ± 10–20–30 sliding window.
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plementary Table S11), whereas only 15 gene pairs formed UTR-ORF overlaps. Twelve of the 16 divergently-
oriented gene pairs were also found to form transcriptional overlaps with each other (Supplementary Table S11). 
Polycistronic and complex transcripts are also the results of transcriptional overlaps (Supplementary Table S12).
Discussion
Short-read sequencing has become a standard technique for the characterization of  transcriptomes61,62. Yet 
comprehensive annotation of transcripts from SRS data remains  challenging63. Auxiliary methods, such as 
Northern-blotting and rapid amplification of cDNA ends analyses are too laborious for investigations of large 
transcriptomes. Long-read sequencing allows the determination of full-length transcripts in single reads without 
computational inference, and thus distinguishes between transcript isoforms, polycistronic RNAs, and transcript 
overlaps with  ease64. Previous studies using Illumina sequencing have detected large numbers of TSSs, TESs, and 
TISs of VAVC  transcripts12,15,19. However, these analyses have not identified transcripts because SRS techniques 
are unable to match TSSs and TESs.
In this study, we employed two LRS platforms (PacBio and ONT) and sequenced cDNAs and native RNAs 
using various library preparation methods for surveying the temporal transcriptional activities of VACV genes. 
We developed pipelines for profiling long-read RNA sequencing data. In actuality, RNA molecules expressed 
by the virus may be much more numerous than we annotated. This may be due to a high heterogeneity of tran-
script ends, especially in ‘chaotic’ regions in the viral genome, which are difficult to analyse by bioinformatic 
techniques. The intermediate and late transcripts are particularly polymorphic in length, but the variation in 
TSS and TES positions of early transcripts is also increased at late stages of infection. Generally, canonical 
transcripts are significantly overrepresented among isoforms encoded in ‘regular’ genomic regions. Apart from 
canonical transcripts, VACV genes typically encompass shorter genes with N-terminal truncated ORFs, which 
may encode shorter polypeptides, possibly with altered effector functions. Moreover, longer transcript variants 
often incorporate uORFs, which may regulate the expression of downstream  genes32.
The genomic organization of poxviruses differs from that of herpesviruses in many ways. Poxvirus E genes 
are gathered at the genome termini, whereas I and L genes are located in central parts of the DNA molecule. In 
addition, unlike herpesviruses, VACV DNA encodes numerous TSS and TES isoforms. While prototype herpes-
virus transcripts are organized into tandem gene clusters generating overlapping transcripts with co-terminal 
RNA molecules, adjacent pox genes produce large numbers of alternative TESs. In VACV, the heterogeneity of 
TESs exceeds that of TSSs, whereas the opposite is the case in herpesviruses. The general presence of within-ORF 
TSSs is also unique to VACV. Yang and colleagues, using ribosome profiling assays, have also identified several 
downstream methionine residues and mapped these within main  ORFs12.
We detected numerous TSSs upstream of TISs, thereby providing transcriptional evidence for the existence 
of potential truncated proteins. We also detected long 5′-UTR isoforms containing uORFs in most VACV genes, 
providing a potential source of micro peptides with regulatory functions, as demonstrated previously in Kaposi’s 
sarcoma  virus65. The observed transcript diversity of VACV may, however, represent transcriptional noise from 
cryptic promoters and/or error-prone transcriptional machinery. Moreover, the majority of transcripts contain 
multiple translationally active ORFs, and most isoforms contain unique combinations of ORFs and uORFs, 
suggesting that this transcriptional diversity is functional. Hence, further studies are needed to demonstrate the 
biological significance of these RNA molecules.
We provide evidence that poly(A) signals are frequently transmitted by RNA polymerase without downstream 
cleavage of transcripts. This process results in the production of polycistronic RNAs from tandem genes and 
asRNAs from convergent gene pairs. The ensuing stochastic transcription initiation and termination in poxvi-
ruses represents a unique gene expression system, which has not yet been described in other well-characterized 
organisms. No previous studies show translation of polycistronic RNA molecules from downstream genes in 
Figure 6.  In silico analysis of promoter elements. (a) The bar chart shows average distances between the TATA 
boxes and TSSs. (b) The WebLogo shows the consensus sequence of the identified TATA boxes.
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poxviruses. To explain this phenomenon and read-through transcription in  herpesviruses66,67, we hypothesize 
that transcriptional overlaps are sites of transcriptional interference. These interactions have been suggested to 
be a part of a genome-wide regulatory system, coined transcriptional interference networks (TINs)68. We report 
sources of potential error in RT, PCR, and bioinformatic techniques, and propose strategies for addressing these. 
In particular, we applied very strict criteria for accepting sequencing reads as transcripts. However, a large frac-
tion of excluded reads could represent existing transcripts.
Methods
cells and viruses. CV-1 African green monkey kidney fibroblast cells were obtained from the American 
Type Culture Collection. Cells were plated at a density of 2 × 106 cells per 150-cm2 tissue culture flask and were 
cultured in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% foetal bovine serum and antibiotic–
antimycotic solution (Sigma-Aldrich). CV-1 cells were incubated at 37 °C in a humidified atmosphere contain-
ing 5%  CO2 until confluent. Subsequently, about 2.6 × 107 cells were rinsed with serum free RPMI medium 
immediately prior to infection with the vaccinia virus WR strain diluted in serum free RPMI medium.
infection. Cells were infected with 3-ml aliquots of VACV at a multiplicity of infection of 10/cell, and were 
incubated at 37 °C in an atmosphere containing 5%  CO2 for 1 h with brief agitation at 10-min intervals to redis-
tribute virions. Three-mL aliquots of complete growth medium (RPMI + 10% FBS) were then added to tissue 
culture flasks and the cells were incubated at 37 °C for 1, 2, 3, 4, 6, 8, 12, and 16 h in a humidified atmosphere 
containing 5%  CO2. Following incubation, media were removed and cells were rinsed with serum free RPMI 
1,640 medium and were subjected to three cycles of freeze–thawing. Cells were finally scraped into 2-ml aliquots 
of PBS and were stored at − 80 °C until use.
RNA purification. Total RNA was extracted from infected cells at various stages of viral infection using 
Macherey–Nagel RNA kit according to the manufacturer’s instructions. Polyadenylated RNA fractions were 
isolated from total RNA samples using Oligotex mRNA Mini Kit (Qiagen) following the Spin-Column Protocol. 
We used Ribo-Zero Magnetic Kit H/M/R (Illumina) to remove rRNAs from total RNA samples for analyses of 
non-polyadenylated RNAs.
PacBio RSII and sequel sequencing. cDNA synthesis. Copy DNAs were generated from polyA(+) RNA 
fractions using SMARTer PCR cDNA Synthesis Kits (Clontech) according to ‘PacBio Isoform Sequencing (Iso-
Seq) using Clontech SMARTer PCR cDNA Synthesis Kit and No Size Selection’ protocols. Samples from different 
infection time points (1-, 4-, 8-, and 12-h p.i.) were mixed for RSII library preparation, whereas 1-, 2-, 3-, 4-, 6-, 
and 8-h p.i. samples were mixed for Sequel sequencing. Samples of cDNA were prepared from rRNA-depleted 
RNA mixtures from 1-, 4-, 8-, and 12-h time points using modified random hexamer primers (Supplementary 
Table S13) instead of using the oligo(d)T-containing primer provided in the SMARTer Kit. Samples were used 
for SMRTbell template preparation using the PacBio DNA Template Prep Kit 1.0.
SMRTbell library preparation and sequencing. The detailed version of the template preparation protocol is 
described in our earlier  publication69. Briefly, primer annealing and polymerase binding reactions were per-
formed using the DNA Sequencing Reagent Kit 4.0 v2 with DNA Polymerase P6 for the RSII platform, whereas 
the Sequel Sequencing Kit 2.1 and Sequel DNA Polymerase 2.0 were applied for sequencing on the Sequel. 
Polymerase-template complexes were bound to magbeads prior to loading into the PacBio instrument. Reac-
tions were then performed using The PacBio’s MagBead Kit (v2). Finally, 240- or 600-min movies were captured 
using the RSII and Sequel machines, respectively. One movie was recorded for each SMRTcell.
ONT MinION platform–cDNA sequencing. 1D cDNA library preparation. PolyA(+) RNA fractions 
were used for cDNA sequencing on the MinION device. RNAs from different infection time points were con-
verted to cDNAs according to the ONT 1D strand-switching cDNA ligation protocol (Version: SSE_9011_v108_
revS_18Oct2016). An RNA mixture containing equal amounts of RNA from 1-, 2-, 3-, 4-, 6-, 8-, 12-, and 16-h 
p.i. were prepared for sequencing. Libraries were generated using the above mentioned 1D ligation kit and pro-
tocol, the Ligation Sequencing 1D kit (SQK-LSK108, ONT), and the NEBNext End repair/dA-tailing Module, 
NEB Blunt/TA Ligase Master Mix (New England Biolabs) according to the manufacturer’s instructions. Briefly, 
polyA(+)-selected RNAs were converted to cDNAs using Poly(T)-containing anchored primers [(VN)T20; Bio 
Basic, Canada], dNTPs (10 mM, Thermo Scientific), SuperScript IV Reverse Transcriptase Kit (Life Technolo-
gies), RNaseOUT (Life Technologies), and strand-switching oligonucleotides with three O-methyl-guanine 
RNA bases (PCR_Sw_mod_3G; Bio Basic, Canada). The resulting double-stranded cDNAs were amplified by 
PCR using KAPA HiFi DNA Polymerase (Kapa Biosystems), Ligation Sequencing Kit Primer Mix (from the 
ONT 1D Kit), and a Veriti Thermal Cycler (Applied Biosystems). The NEBNext End repair/dA-tailing Module 
was used to blunt and phosphorylate cDNA ends, and the NEB Blunt/TA Ligase Master Mix was used for adapter 
(supplied in the 1D kit) ligation.
Size selection: PCR products from mixed RNA samples were size-selected manually and were then run on 
Ultrapure Agarose gels (Thermo Fischer Scientific). Subsequently, fragments of greater than 500-bp were isolated 
using Zymoclean Large Fragment DNA Recovery Kits (Zymo Research).
Barcoding: Individually sequenced cDNAs were barcoded using a combination of the following ONT pro-
tocols: the 1D protocol was used until the first end-preparation step, then we switched to the 1D PCR bar-
coding (96) genomic DNA (SQK-LSK108) protocol (version: PBGE96_9015_v108_revS_18Oct2016, updated 
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25/10/2017), followed by the barcode ligation step using the ONT PCR Barcoding Kit 96 (EXP-PBC096). Barcode 
adapters were ligated to end-prepped samples using Blunt/TA Ligase Master Mix.
Library preparation from cap‑selected samples. For more accurate definitions of TSSs of full-length RNA mol-
ecules, we followed the 5′-Cap-specific cDNA generation protocol combined with the ONT 1D-seq library prep-
aration method. We produced cDNAs from a mixture of total RNA samples (1-, 2-, 3-, 4-, 6-, 8-, 12-,16-h p.i.) 
using TeloPrime Full-Length cDNA Amplification Kits (Lexogen). Amplified PolyA- and Cap-selected samples 
were then used for library preparation following the ONT 1D strand-switching cDNA ligation method (ONT 
Ligation Sequencing 1D kit). Samples were then end-repaired (NEBNext End repair/dA-tailing Module) and 
ligated to ONT 1D adapters (NEB Blunt/TA Ligase Master Mix).
Sequencing on the MinION device. ONT 1D-cDNA and Cap-selected libraries were loaded onto three and two 
ONT R9.4 SpotON Flow Cells for sequencing, respectively. Sequencing runs were performed using MinKNOW.
ONT MinION platform–dRNA sequencing. To avoid probable amplification-based biases, we used the 
ONT PCR-free direct RNA (dRNA) sequencing protocol (Version: DRS_9026_v1_revM_15Dec2016). A mix-
ture containing PolyA(+) RNAs from eight time points (1-, 2-, 3-, 4-, 6-, 8-, 12-, 16-h p.i.) was used to generate 
the library. RNA samples, the oligo(dT)-containing adapter (ONT Direct RNA Sequencing Kit; SQK-RNA001), 
and T4 DNA ligase (2 M U/mL; New England BioLabs) were mixed and incubated for 10 min, and first-strand 
cDNAs were then prepared using SuperScript III Reverse Transcriptase enzyme (Life Technologies) according 
to the dRNA protocol. The RMX sequencing adapter was ligated to the samples with NEBNext Quick Ligation 
Reaction Buffer and T4 DNA ligase. The dRNA library was run on a R9.4 SpotON Flow Cell. Runs were per-
formed using MinKNOW.
Purification of libraries. Samples were purified using Agencourt AMPure XP magnetic beads (Beckman 
Coulter) after each enzymatic steps during PacBio and ONT library preparation. Beads were handled before use 
with RNaseOUT (40 U/μL; 2U enzyme/1μL bead) for dRNA libraries.
Data analysis and visualization. Generation of consensus sequences from the PacBio dataset. ROI reads 
were created from the RSII raw data using the RS_ReadsOfInsert protocol (SMRT Analysis v2.3.0) with the 
following settings: Minimum Full Passes = 1, Minimum Predicted Accuracy = 90, Minimum Length of Reads of 
Insert = 1, Maximum Length of Reads of Insert = No Limit. ROIs from the Sequel dataset were generated using 
SMRT Link5.0.1.9585.
ONT dataset–basecalling. MinION base calling was performed using the ONT Albacore software v.2.0.1. The 
newest release of the ONT’s Guppy (Guppy v.3.6.0) was also used for basecalling with the aim to validate the TSS 
and TES positions of the annotated transcripts using a ± 10 bp window.
Mapping and annotation of TSS and TES positions and transcripts. PacBio ROIs and ONT raw reads were 
aligned to the reference genome of the virus (LT966077.1); RefSeq assembly accession: GCF_000 409795.2 [lat-
est]) using minimap2 aligner (version 2.13) with the options -ax splice -Y -C5–cs. After applying the LoRTIA 
toolkit (https ://githu b.com/zsolt -balaz s/LoRTI A), the determined 5′- and 3′-ends of transcripts and detected 
full-length reads were mapped.
prediction of cis‑regulatory sequences. Sequences at 100-nt upstream of a given TSS were extracted 
and an in-house script based on the GPMiner promoter prediction  tool70,71 was used for analyses of upstream 
cis-regulatory sequences of novel transcripts. The general settings of the algorithm were as follows: the eukary-
otic promoter database of GPMiner was used to search exact matches without gaps or substitutions. The Vaccinia 
early promoter  motif14,15,19 and late promoter  motif41 were picked and visualized using the Geneious R10 Motif 
Finder tool, allowing one substitution in the string. Promoter statistics were calculated using Mann–Whitney U 
tests with two-tailed p-values.
transcript naming scheme. Previously described (Copenhagen  nomenclature45) ORFs were not renamed. 
Our scheme allowed for future additions of novel transcripts. Multicistronic transcripts were named for all con-
tributed ORFs, the most upstream ORF was listed first. Non-coding transcripts are identified with the prefix 
“nc,” and complex transcripts carry the prefix “c.” When a non-coding transcript is antisense to the ORF for 
which it was named, an “as” prefix was added. Names of length isoforms, e.g., TSS and TES isoforms, end with 
“l” for long, “s” for short, or “AT” for alternative termination (Note S1). Isoform categories are presented in Sup-
plementary Fig. S7.
The details for validation of specificity, quality and quantity of libraries are found in Supplementary Methods. 
The detailed protocols and the raw dataset were  published72.
ethics declaration. All experiments using VACV were conducted under biosafety level 2. Neither human 
nor animal experiments were applied in this study.
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Novel classes of replication-associated transcripts discovered in viruses
Zsolt Boldogkői , Zsolt Balázs, Norbert Moldován , István Prazsák , and Dóra Tombácz
Department of Medical Biology, Faculty of Medicine, University of Szeged, Szeged, Hungary
ABSTRACT
The role of RNA molecules in the priming of DNA replication and in providing a template for telomerase
extensionhasbeen known for decades. Since then, several transcripts havebeendiscovered,whichplay diverse
roles in governing replication, including regulation of RNA primer formation, the recruitment of replication
origin (Ori) recognition complex, and the assembly of replication fork. Recent studies on viral transcriptomes
have revealed novel classes of replication-associated (ra)RNAs, which are expressed from the genomic locations
in close vicinity to the Ori. Many of them overlap the Ori, whereas others are terminated close to the replication
origin. These novel transcripts can be both protein-coding and non-coding RNAs. The Ori-overlapping part of
the mRNAs is generally either the 5ʹ-untranslated regions (UTRs), or the 3ʹ-UTRs of the longer isoforms. Several
raRNAs have been identified in various viral families using primarily third-generation long-read sequencing.
Hyper-editing of these transcripts has also been described.
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The first step of eukaryotic DNA replication is the identifica-
tion of replication origin (Ori) through the origin recognition
complex (ORC), which is a multi-subunit structure composed
of Orc1-6p [1]. ORC serves as a landing platform for the
assembly of the replication forks. The unwinding of the dou-
ble stranded DNA molecule into two single strands is initiated
at the Ori. This process is carried out by the DNA helicase, an
enzyme disrupting the hydrogen bonds between the base pairs
of the complementary DNA strands. While the bacterial gen-
ome contains a single Ori, the replication of eukaryotic DNA
molecule is initiated at hundreds of thousands points.
Depending on the species, viruses have a single or a few
Oris. DNA viruses usually code for proteins that are respon-
sible for viral DNA replication [2–4]. However, in some cases,
such as the Epstein-Barr virus (EBV) during latency, viruses
can use the host replication proteins for viral DNA synthesis
[5]. The replication fork is the site for the assembly of the
replisome, a complex structure composed of the DNA poly-
merase (DNP), DNA helicase, topoisomerase, primase, DNA
gyrase, DNA ligase, and telomerase among others. First,
a short (11 ± 1bp long) RNA sequence is synthesized by the
primase enzyme, then this transcript is removed by an endo-
nuclease, which is followed by the elongation with the DNP
away from the origin of replication. Due to the 5ʹ to 3ʹ
directionality of the DNA synthesis, the leading strand is
continuously extended, whereas the lagging strand is synthe-
sized discontinuously from multiple RNA primers. The result-
ing Okazaki fragments are joined together by the DNA ligase
forming a single unified strand. In E. coli the termination of
DNA replication occurs at specific consensus sequences and
results in the disassembly of the replisome [6], while termina-
tion in eukaryotes is mostly not sequence specific [7]. Since
eukaryotes have linear DNA molecules, the DNP is unable to
synthesize the very ends of the chromosomes (telomeres), and
it leads to the shortening of telomeres in each replication
cycle. Telomeres act as protective caps to prevent chromoso-
mal integrity. In germ-line cells and in stem cells the telomer-
ase enzyme catalyzes the repair of the telomere sequences by
carrying a short complementary RNA molecule used for the
priming of this process.
Replication-associated transcripts in prokaryotes and
eukaryotes
The genomes of eukaryotic organisms are mostly comprised
of non-coding DNA. Transcriptomic studies have revealed
that the major parts of these genomic regions are transcrip-
tionally active, producing non-protein coding RNAs
(ncRNAs) [8]. These transcripts possess a wide range of
functionality at practically all levels of the genetic regulation,
including epigenetics, transcription, and post-transcriptional
processes [9]. Evidence is also emerging that certain ncRNAs
participate in the regulation of DNA replication. Besides the
RNA primers and the telomerase RNA component – which
were discovered decades ago, many replication-associated (ra)
RNAs have been identified in the past few years. A recent
genome-wide analysis has demonstrated that 72% of mamma-
lian ORC1s are associated with active promoters, 46.5% of
which controls the expression of protein coding genes,
whereas 53.5% controls ncRNA genes [10].
Regulation of RNA primer synthesis by raRNAs
The vast majority of bacterial plasmids encode the Rep pro-
tein, the function of which is to separate the two DNA strands
at the Ori region [11]. An alternative mechanism based on the
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regulation of replication by ncRNAs has been demonstrated
in a few cases. It has been shown that the Ori region of ColE1
plasmids of Enterobacteriaceae encodes two ncRNAs: RNA
I and RNA II [12,13]. RNA II acts as a pre-primer by hybri-
dizing with the DNA followed by being processed with RNase
H. The resulted RNA fragments tend to initiate the synthesis
of the leader DNA strand. RNA I is complementary to a short
region of RNA II, and functions as a modulator of RNA II by
binding to it, and thereby preventing the formation of RNA
II/DNA hybrid that is needed for the initiation of replication.
Besides the ColE1 family, a very similar RNA-mediated repli-
cation initiation mechanism has also been described in the
marine RNA-based (MRB) plasmid family of Vibrionaceae
[14]. Intriguingly, the sequences of MRB RNA I and RNA II
transcripts are evolutionarily unrelated to those of ColE1-
regulatory transcripts.
Inhibition of Rep synthesis by raRNAs
The expression of Rep protein itself is regulated in order to
control the copy number of the plasmids. The R1 plasmids
use, among others, an antisense RNA, termed CopA, for this
control. CopA acts at the post-transcriptional level through
binding RepA mRNA. The resultant double-stranded RNA is
digested by RNase III, thereby preventing RepA synthesis
[15]. Antisense RNAs also participate in the control of repli-
cation in ColIb-p9 plasmids. For the efficient translation of
Rep protein, a pseudoknot has to be formed on the Rep
mRNA. The Inc RNA has a complementary structure to the
Rep mRNA, and therefore, it can block the replication
through hybridization to the Rep mRNA [16].
raRNAs mediate ORC recruitment to the Ori
The mechanism of ORC recruitment to the Ori in eukaryotes
varies in the different species. The ORC lacks sequence-
specific DNA binding motives (except in yeast [17]), and so
far, it has been unclear what factors control ORC binding to
the DNA. One of the candidates are the non-coding raRNAs
as they can provide sequence-specificity for the origin forma-
tion. In the protozoa Tetrahymena thermophile ribosomal
DNA (rDNA) is amplified ~9,000 times during development.
The 26T RNA has been shown to mediate the recruitment of
ORC to the Ori region during the rDNA amplification
through base pairing with the rDNA Ori [18]. It has also
been demonstrated in mammalian systems that G-rich RNA
mediates ORC recruitment to telomeres and to AT-rich het-
erochromatin [19,20]. Vertebrate genomes express the evolu-
tionarily conserved Y RNAs, which are non-coding stem-loop
transcripts, and they play a role in the initiation of replication
[21,22]. The precise mechanism through which Y RNAs med-
iate their effects is unknown at present; however, it has been
shown that these transcripts are recruited to the chromatin by
the ORC.
Replication control by miRNAs
In addition to the above mechanisms, microRNAs (miRNAs)
have also been described to control DNA replication through
fine-tuning this process. The miRNAs normally target the
complementary mRNAs for translational repression or degra-
dation. For example, in human cells, miR-29a targets the
mRNA of Cdc7/Dbf4 kinase, which plays an essential role in
the initiation of DNA replication. DNA damage leads to the
up-regulation of Cdc7/Dbf4, which is accompanied by the
repression of miR-29a in order to maximize the efficiency of
repair processes [23].
Replication-associated RNAs in viruses
Replication-associated transcripts have also been identified in
viruses. For example, a small replication-regulating (sr)RNA
has been recently described in human BK polyomavirus
(BKV) isolated from murine mammary tumor cells [24].
This transcript binds simultaneously to both sense and anti-
sense DNA strands within the Ori region of the virus. The
srRNA dramatically inhibits the replication of the poliovirus
through interfering with the RNA primer synthesis, which
changes the structure of the initiation complex even when
the regulatory RNA is ectopically expressed in human cells
[24]. BKV has an additional RNA-based mechanism for the
control of replication: a miRNA targets the mRNA of the
large T antigen during the early stage of infection that helps
to establish persistence in the host cells [25]. Another example
for the viral raRNAs is a highly structured GC-rich transcript
of EBV, the function of which is to help for the viral proteins
EBNA1 and HMGA1a proteins in ORC recruitment, and the
origin formation at various chromosomal locations [26]. The
miR-BART2 is a miRNA encoded by the EBV genome, and it
binds to the mRNA of BALF5, which is the catalytic subunit
of the EBV DNP. Repression of DNP blocks lytic replication,
and it this leads to the establishment of latency in the
human [27].
nroRNAs – novel replication-associated transcripts in
herpesviruses
Next-generation short-read sequencing (SRS), and recently,
third-generation long-read sequencing (LRS) have identified
several novel raRNA molecules that are expressed from the
genomic regions mapped in close vicinity to the replication
origins in various viruses. These transcripts designated as
near-replication origin (nro)RNAs in herpesviruses and
further raRNAs in other viruses are supposed to be produced
by a mechanism that regulates the replication initiation and
the orientation of replisome progression, which is based on
the collision of the replication and transcription apparatuses
[28]. The herpesvirus family is subdivided into three subfa-
milies: alphaherpesviruses, including the human pathogenic
Herpes simplex virus type 1 (HSV-1) and the Varicella-zoster
virus (VZV) as well as the veterinary pathogen Pseudorabies
virus (PRV); betaherpesviruses, such as the Human cytome-
galovirus (HCMV); and gammaherpesviruses, including the
Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated
virus (KSHV). Alphaherpesviruses have two genera:
Varicellovirus (e.g. VZV and PRV) and Simplexvirus (e.g.
HSV-1). The genome of alpha- and betaherpesviruses are
composed of a unique long (UL) and a unique short (US)
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region, which are either both bracketed by inverted repeats
(IRs) such as in HSV-1, VZV and HCMV, or only the US
region is surrounded by IRs such as in PRV (Fig. 1).
Alphaherpesviruses express a variety of nroRNAs from the
DNA segment around their Oris. PRV contains three Oris,
one in its UL region (OriL), and two on the two copies of the
IRs (OriS). CTO-S (Fig. 2A), a 286bp ncRNA, is first
expressed at the onset of DNA replication (at 4 h post-
infection) [28,29]. Despite being the most abundant PRV
transcript, CTO-S is practically not expressed at all during
the early stage of viral infection [30], which is very rare even
among late viral transcripts. CTO-S has a transcription end
site (TES) isoform (CTO-AT) which overlaps the conver-
gently-oriented longer UL22 TES variant. CTO-L is a very
long TES isoform of UL21 transcript. CTO-M is transcribed
using the poly(A) signal of UL21 as a promoter. Except the
low-abundance CTO-AS, the rest of the CTO transcripts have
a common transcript start site (TSS). The CTO-M and CTO-L
transcripts overlap the OriS. The PTO and the PTO-US1
transcripts are encoded by the genomic segments located
near the PRV OriLs. The PTO is an ncRNA and it does not
overlap the Ori, whereas the PTO-Us1 (which can be consid-
ered as a very long TSS isoform of US1, or alternatively, a TES
variant of PTO) overlaps the OriLs. PTO-US1 contain an
intact open reading frame (ORF) of us1 gene, but it is
unknown whether this coding potential is realized in transla-
tion or not.
VZV contains two OriSs, one in each IR region, but it lacks
OriL. The VZV NTO transcripts are similar to those of the
PRV PTOs regarding their locations; however, the sequences
of these transcripts are non-homologous (Fig. 2B) [31]: for
example, the transcripts NTO1-3 overlap the ORF62 mRNA
in an antiparallel manner, which is not the case for PTO; it
does not overlap the ORF62-homologue IE180. The NTO2-4
RNAs are all non-coding. The NTO2-3 transcripts do not
overlap the OriS, whereas the spliced NTO1 (expressed in
two TES isoforms) does overlap it. Furthermore, the longer
TSS variants of ORF63 (ORF63-L) and ORF63-64 (ORF63-
L-64) are initiated very closely to the OriS (ORF63 is homo-
logous to the US1 gene of PRV and HSV-1). Intriguingly, two
closely-related organisms have evolved in parallel a distinct set
of transcripts around their OriSs with presumably identical
functions. The sequence of the nroRNAs appears to be irre-
levant, only the Ori-proximal location seems to be important.
A peculiar feature of the NTO3 transcript is that it is A to
I hyper-edited, which has not been observed in any other
VZV RNAs [31]. Hyper-editing has been shown to play
a role in inhibiting RNA interference through making the
mRNAs resistant to Dicer cleavage [32]. The function of this
nucleotide modification in VZV and the importance of its
proximity to the viral replication origin remain to be
explored.
Unlike in PRV, the HSV-1 us1 gene is located in the US






































Figure 1. The genomic structure of various herpesviruses. The genomes of herpesviruses are composed of varying number of unique and repeat regions. The
replication origins can be located either in the unique, or in the repeat regions, or in both.
Abbreviations: PRV: Pseudorabies virus; VZV: Varicella-zoster virus; HSV-1: Herpes simplex virus type 1; HCMV: Human cytomegalovirus; EBV: Epstein-Barr virus;
KSHV: Kaposi’s sarcoma herpesvirus; UL: unique long region; US: unique short region; TRL: terminal repeat of UL region; TRS: terminal repeat of US region; TR:
terminal repeat; IR: internal repeat; LUR: long unique coding region; Ori: replication origin.
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Figure 2. The locations of herpesvirus nroRNAs and replications origins. The replication-associated transcripts can overlap the Ori, or they can be in close vicinity to it.
An Ori-overlapping nroRNA can be a non-coding transcript, or alternatively they can be the 5ʹ-UTR, or 3ʹ-UTR region of a longer TSS or TES isoform of a mRNA.
Transcription initiation or termination in the proximity of the Ori can also affect the replication.
Coloring black rectangle: Ori; yellow arrow-rectangle: open reading frame (ORF); blue arrow-rectangle connected with a line: intron; blue arrow-rectangle: mRNAs;
red arrow-rectangle: non-coding RNA; red dashed rectangle: uncertain TSS and red rectangle with three black dots: transcript end terminating out of view.
Abbreviations: PRV: Pseudorabies virus; VZV: Varicella-zoster virus; HSV-1: Herpes simplex virus type 1; HCMV: Human cytomegalovirus; EBV: Epstein-Barr virus;
KSHV: Kaposi’s sarcoma herpesvirus
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5ʹ-coterminal ncRNA pairs, the OriS-RNA1 and the OriS-
RNA2 (Fig. 2C). The OriS-RNA1 has been shown to be
expressed with an early kinetics, whereas OriS-RNA2 is
a late transcript [33]. Moreover, the longer isoform of the
US1 transcript partially overlaps the OriS with its 5ʹ-UTR
[33]. Similarly, the 5ʹ-UTRs of the US12 transcript variants
also overlap the OriS. The OriL is located at a different
position than in the PRV, but this genomic location also
expresses an nroRNA, the OriL-RNA. In HSV, some
nroRNAs also overlap with each other in an antiparallel
fashion.
The OriLyts of HCMV [34], EBV [35] and KSHV [36]
contain binding sites for the transactivator proteins (IE2,
Zta and Rta respectively). In HCMV, a bidirectional pro-
moter in the OriLyt region has been shown to regulate
replication (Fig. 2D). This promoter could be functionally
substituted with an SV40 promoter. Further, IE2 activation
has been found to be required both for promoter activity
and for DNA replication [37]. The numerous 3ʹ-isoforms of
the small replicator transcript (SRT) overlap the essential
pyrimidine-rich region of the OriLyt, and therefore, they
have been implicated in the regulation of replication. SRT
is expressed from 2 h post-infection, and its expression
increases throughout the viral replication cycle. RNA4.9,
one of the most abundant transcripts of HCMV, also ori-
ginates in the OriLyt region [38]. It has recently been
shown that RNA4.9 regulates lytic replication both in cis
and in trans [39]. Two virion-associated RNA (vRNA)
species, one 300bp and another 500bp long, have also
been discovered in the OriLyt region forming RNA-DNA
hybrids. Such molecules have been supposed to be essential
for the initiation of viral replication [40,41].
Lytic gammaherpesvirus DNA replication is dependent on
the transcription in the viral Ori. The binding of KSHV Rta to
the Rta responsive element has been shown to be essential for
viral replication [36]. The produced OriLyt (T1.5) transcript,
an early polyadenylated transcript [42], is indispensable for
DNA replication [43]. The replication of EBV has also been
reported to be dependent on Zta-induced transcription in the
OriLyt [35]. The promoters and the transcription start sites of
both LF3 and BHLF1 are found in the right and left lytic
origins, respectively; however, no study has examined whether
the transcription of these specific transcripts are required for
the DNA replication.
Replication-associated transcripts in other viruses
Baculoviruses
The baculovirus Oris reside in the AT-rich repeat sequences,
which are homologous within the members of Baculoviridae
family [44,45] (Fig. 3A). The number and position of these
homologous regions (hrs) varies greatly between the taxa [46].
The most studied baculovirus, Autographa californica multiple
nucleopolyhedrovirus (AcMNPV) carries nine hrs [44,45].
Although the hrs have been identified as the main initiators
of viral replication, other studies suggest that non-hr sequences
[47,48] and promoters [49] can also act as origins of the DNA
synthesis. It has been previously shown that the whole
AcMNPV genome is transcriptionally active [50,51], resulting
in considerable read-through activity across all the hrs. LRS
studies have revealed that the main source of overlaps is the
very long transcripts spanning multiple oppositely-oriented
ORFs (complex transcripts): 15 out of the 29 overlaps are
formed by complex transcripts, seven by the most abundant
isoforms, four by polycistronic transcripts, two by longer 5ʹ-
UTR isoforms, while only a single overlap is formed by a longer
3ʹ-UTR isoform [50,51] (Fig. 3). Despite being the most numer-
ous among the raRNAs by sort, complex RNAs are represented
in low abundance [51], which indicates a much lower fre-
quency of read-through events than in core and polycistronic
transcripts as well as in UTR isoforms. Fourteen of the tran-
scripts overlap the hrs with their 3ʹ-UTRs, eleven with their 5ʹ-
UTRs, whereas in five transcripts (ORF114, PIF3-ORF114,
ORF57-C, FP5K-ORF60-59–58 and FP25-K), the first protein-
coding ORF overlaps the hr [50,51].
Poxviruses
The DNA primase-helicase encoded by Vaccinia virus
(VACV) has been suggested to use RNA primers for the
initiation of lagging-strand synthesis [52,53], although former
studies proposed a model of rolling hairpin mechanism for
viral replication [54,55]. The VACV DNA synthesis is
initiated near the genome termini, where a repeat region
forms a hairpin end acts as a conserved replication initiation
site [56,57]. SRS analysis have revealed multiple potential
replication start sites. The start positions of the leading strand
are located around the Apex of the junction of concatenated
VACV telomeric region within a near 400bp region, and
putative Okazaki fragments have been mapped throughout
the entire genome [58]. It has been demonstrated that
VACV telomeres contain promoters for late RNA production,
which may involve in concatemer resolution or in replication
[59,60]. Some of these late telomeric transcripts (lateRNAs)
bridge the entire Ori region. The 3ʹ ends of the lateRNAs vary
in length, and some of them encompass the entire telomeric
hairpin, which contains the Ori (Fig. 3B). It has been pro-
posed that the late transcription within the concatemer junc-
tion might play a role in opening up the DNA duplex during
the initiation of the replication [58].
Circoviruses
A stem-loop structure in the intergenic region serves as the
origin of replication for the small circular genome of circo-
viruses [61]. In the porcine circovirus type 1 (PCV-1), the 5ʹ-
UTR region of the core CAP transcript and of its two length
isoforms form a full overlap with the Ori. Similarly, the 5ʹ-
UTR region of the three REP length isoforms form a full
overlap, whereas the eight REP isoforms and the core REP
transcript overlap the Ori with 5bps. Additionally, the 3ʹ-
UTR of the Atr transcript, encoding the putative ORF3
protein, overlaps the Ori with 18bps, while the two very
long non-coding CTR and CTR’ transcripts fully overlap
the Ori [62–65] (Fig. 3C).
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Figure 3. Replication-associated transcripts in a baculovirus, a poxvirus and a circovirus. These transcripts, similarly to the nroRNA-s of herpesviruses, are located in
the close proximity of the replication origin, or they can overlap the Ori. a. Both ncRNAs and mRNAs have been described to start or terminate relatively close to the
Ori of AcMNPV and VACV, while many of these overlap the Ori. b. All transcript isoforms of the PCV-1, except the CTR, overlap the Ori with their 5ʹ-UTRs. c. The
concatemer junction region of the Vaccinia virus encloses multiple replication origins [58], which are overlapped by many non-coding transcripts expressed in low
abundance. The TSS and TES of these ncRNAs are highly variable.
Coloring: black rectangle: Ori; yellow arrow-rectangle: open reading frame (ORF); blue arrow-rectangle connected with a line: intron; blue arrow-rectangle: mRNAs;
red arrow-rectangle: non-coding RNA. The highly variable ncRNAs of VACV are shown by red arrow-rectangles.
Abbreviations: AcMNPV: Autographa californica Multiple Nucleopolyhedrosis Virus, VACV: Vaccinia virus, PCV-1: Porcine circovirus type 1; NR: nonrepeated sequences
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Interactions between the transcription and
replication machineries
It is debated whether eukaryotic cells efficiently separate
transcription and replication [66–68]. Concurrent tran-
scription and replication can lead to the confrontation of
the replication fork and the RNA polymerase. Using an
in vitro system, Liu et al. [69] have demonstrated that
RNA polymerase can continue elongation meanwhile the
replication fork progresses on the other strand, parallel to
it. In vivo experiments on a replicating plasmid in E. coli
have shown that head-to-tail collision does not impede the
progression of the replication fork, whereas head on colli-
sion does [70]. It has been demonstrated that crashes of the
replication fork with the transcription machinery cause
genetic instability in yeast and bacteria [71,72]. It has
been described that RNA:DNA hybrids formed at sites of
transcription-replication clashes, and that RNase H1 acts to
suppress the instability of DNA breakage hot spots known
as common fragile sites (CFSs) [73]. The authors suggest
that replication and transcription are spatially and tempo-
rally separated in eukaryotic cells in order to avoid the
confrontation of the polymerase molecules. DNA instability
has been shown to be dependent on the length of the genes
at a given genomic location because transcription of the
longer genes takes more time. Helmrich et al. [73] have
demonstrated that interference between the replication fork
and the transcription complex is inevitable in the longest
genes because of the inability of the two processes to be
separated at large transcription units during the replication.
This results in the formation of CFS, which is prone to
genomic instability. Altogether, the authors argue that the
ongoing replication negatively regulates the transcription
initiation in the long genes. The co-directional arrangement
of the replication and transcription in prokaryotic [74] and
eukaryotic [75] genomes may also serve to preclude the
collision of these machineries. An alternative explanation
for the separation of the transcription and replication is
that the interaction between these processes causes this
phenomenon, that is, the two processes may be under
a common control.
Transcription replication interference network (TRIN)
It has been observed that the overall transcription rate of the
individual PRV genes declines following the onset of DNA
replication [76]. Similar to other organisms, the expression
kinetics of herpesvirus genes is mainly governed by tran-
scription factors acting on the promoters of these genes.
Nevertheless, it is also possible that the process of replication
affects the gene expression, and vice versa, the transcription
exerts an effect on the progress of the replication fork. The
discoveries of raRNAs in herpesviruses, baculoviruses and
circoviruses [28,29,33,50,51,62,77,78], along with the general
repressive effect of DNA synthesis on the transcription sug-
gest that the two processes interact with one another on both
the replication origins and across the entire genome. We
present the proposed mechanism of the effects of nroRNAs
on the determination of the orientation of the replication
fork progression as well as the facilitatory effect of these
transcripts on the DNA synthesis (Fig. 4). It is assumed
that the RNP transcribing the CTO-M and CTO-L collides
with the replisome (at the OriL) progressing in two
Early replication is bidirectional
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Figure 4. Collision of the RNA polymerase transcribing the nroRNAs and the DNA polymerase during the replication of PRV DNA. A: schematic representation of the
transcripts expressed in the region around the PRV OriL (marked by a black box). B: First the PRV DNA is replicated through a bidirectional (theta) replication. C:
Transcription initiated at the promoter of the CTO-S transcript furthers replication by unwinding the DNA. D: The CTO-M and CTO-L transcripts exert a repressive
effect on DNA replication in one direction and the transcription of CTO-S facilitates it in the other direction by unwinding the DNA strands. In this hypothetical model,
the existence of theta-type replication is not necessary, since the proposed collision-based mechanism can prevent its initiation.
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directions (θ-type manner), and as a result, it renders the
replication to be unidirectional (σ-type). In the meantime,
CTO-S transcription unwinds the DNA strands, thereby
helping the unidirectionality of the DNA replication. The
transcription of CTO-AT is supposed to reduce the expres-
sion of the convergent ul22 gene, thereby eliminating
a potential inhibitory effect of transcription on the replica-
tion and also advancing the DNA synthesis in a σ -type
manner. All in all, the CTO transcripts are thought to have
a role in the switch from the θ-type to the σ-type of replica-
tion. Alternatively, this mechanism may impede the initia-
tion of bidirectional replication. In this scenario, no θ-type
replication occurs in herpesviruses at all. We assume that the
interactions between the transcriptional machinery and the
replication fork form a transcription and replication inter-
ference network (TRIN), which regulates the gene expression
globally and determines the rate of the DNA synthesis in
a mutually interdependent manner. It is very likely that the
nroRNAs and the related raRNAs are not mere byproducts
of this interference mechanism, but they also have functions
as transcripts. This hypothesis is supported by the polyade-
nylation of these RNA molecules, the general function of
which is to protect the RNA integrity. The viral raRNAs may
direct the replication by forming R-loops [79].
Conclusions
It has become evident by now that all of the examined viruses
express transcripts or transcript isoforms, which overlap the
replication origin, or alternatively they start or end in close
vicinity of the Ori. Altogether, we can distinguish four types
of raRNAs on the basis of their coding potency and position
to the Ori: (1) non-coding transcripts that do not overlap the
Ori (such as CTO-S, CTO-S-AT, and PTO of PRV; NTO2,
NTO3 and NTO4 of VZV; as well as SRT and RNA4.9 of
HCMV); (2) non-coding transcripts that do overlap the Ori
(such as CTO-M of PRV); (3) mRNA isoforms with very long
3ʹ-UTR (such as CTO-L of PRV); and (4) mRNA isoforms
with very long 5ʹ-UTR variant [such as PTO-US1 of PRV,
OriS RNA1 of HSV-1, as well as NTO1v1 and NTO1v2 of
VZV]. The baculovirus raRNAs are all coding, two of them
exhibit ORFs-Ori overlapping. The VACV lateRNAs are all
non-coding. The difference between the size, location, expres-
sion characteristic, and posttranscriptional modification of the
various viral raRNAs do not necessarily means that they
would influence viral replication through distinct mechan-
isms. On the contrary, the expression of non-homologous
transcripts near the Ori suggests that the same function can
be solved in different ways, which are the result of convergent
evolution. The mechanistic details of how these replication-
associated transcripts exert their effects on the DNA synthesis
have not yet been ascertained. We hypothesize that these
transcripts are produced as byproducts of a mechanism reg-
ulating the DNA synthesis through the interaction between
the replication and transcription machineries, but these tran-
scripts very likely also function as RNA molecules. The inhi-
bition of replication initiation through intervening in raRNA
synthesis can be a useful approach for developing effective
antiviral therapies. Even though the proteins responsible for
replication differ in viruses and eukaryotes, the mechanistic
interactions between the replisome and the transcriptosome
may be universal.
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∗Correspondence address. Zsolt Boldogkői, Department of Medical Biology, Faculty of Medicine, University of Szeged, Somogyi B. u. 4., Szeged, 6720,
Hungary. E-mail: boldogkoi.zsolt@med.u-szeged.hu http://orcid.org/0000-0003-1184-7293
Abstract
Background: Poxviruses are large DNA viruses that infect humans and animals. Vaccinia virus (VACV) has been applied as a
live vaccine for immunization against smallpox, which was eradicated by 1980 as a result of worldwide vaccination. VACV is
the prototype of poxviruses in the investigation of the molecular pathogenesis of the virus. Short-read sequencing methods
have revolutionized transcriptomics; however, they are not efficient in distinguishing between the RNA isoforms and
transcript overlaps. Long-read sequencing (LRS) is much better suited to solve these problems and also allow direct RNA
sequencing. Despite the scientific relevance of VACV, no LRS data have been generated for the viral transcriptome to date.
Findings: For the deep characterization of the VACV RNA profile, various LRS platforms and library preparation approaches
were applied. The raw reads were mapped to the VACV reference genome and also to the host (Chlorocebus sabaeus) genome.
In this study, we applied the Pacific Biosciences RSII and Sequel platforms, which altogether resulted in 937,531 mapped
reads of inserts (1.42 Gb), while we obtained 2,160,348 aligned reads (1.75 Gb) from the different library preparation methods
using the MinION device from Oxford Nanopore Technologies. Conclusions: By applying cutting-edge technologies, we were
able to generate a large dataset that can serve as a valuable resource for the investigation of the dynamic VACV
transcriptome, the virus-host interactions, and RNA base modifications. These data can provide useful information for
novel gene annotations in the VACV genome. Our dataset can also be used to analyze the currently available LRS platforms,
library preparation methods, and bioinformatics pipelines.
Keywords: poxvirus; vaccinia virus; long-read sequencing; full-length transcriptome; Pacific Biosciences; RS II system; Sequel
system; Oxford Nanopore Technologies; MinION system; direct RNA sequencing
Data Description
Background
Poxviridae is a large virus family that infects vertebrates and in-
vertebrates with highly pathogenic members, such as the Vari-
ola virus, which is the causative agent of smallpox [1]. Vaccinia
virus (VACV) is the prototypic member of the Orthopoxvirus
genus. It is closely related to the Variola virus [2] that was eradi-
cated as a result of a successful global vaccination program us-
ing live VACV.
It had generally been assumed that the virus in the small-
pox vaccine, renamed vaccinia virus, is a cowpox virus. However,
VACV differs from the cowpox virus and has no known natural
hosts; its origin is still being investigated. It has been suggested
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that the smallpox vaccine was based on horsepox [3]. VACV has
been extensively utilized as an expression and a gene delivery
vector [4]. It also serves as a model system for the analysis of
virus-host interactions, transcriptional regulation, and for other
molecular biological studies [5].
Poxviruses are able to replicate in the cytoplasm of the host
cell because they encode the proteins needed for DNA synthesis
[6]. They have a relatively large (approximately 195 kbp) double-
stranded DNA genome coding for about 220 proteins. The VACV
genes are divided into three temporal classes: early (E), inter-
mediate (I), and late (L) genes. A study characterized 35 VACV
genes as immediate-early (IE) kinetics [7], but this categorization
has not been widely accepted. The promoters of genes belong-
ing to different kinetic classes are recognized by stage-specific
transcription factors [8–11]. VACV genes belonging to the same
kinetic group have been shown to be clustered in the genome
[7]: E genes are located at the termini of the viral genome, while
I and L genes are situated in the middle genomic region. Most
of the adjacent VACV genes are oriented in the same direction,
while convergent and divergent positioning is uncommon.
Although the extraordinary complexity of the VACV tran-
scriptome has been thought to be well characterized [12–15], tra-
ditionally used techniques such as short-read sequencing (SRS),
ribosome profiling, cap analysis of gene expression (CAGE), and
genome tiling [16] are not able to span the entire transcript nor to
distinguish between transcript isoforms, bi-, and polycistronic
RNA variants, overlapping gene products, and embedded RNAs.
Transcriptional overlaps generated by the read-through mech-
anism are very frequent in VACV and cause a major problem
in the analysis of individual viral transcripts using traditional
approaches. The transcription patterns of VACV genes exhibit
an extreme stochasticity, which includes an enormous number
of transcriptional start sites (TSSs) and transcription end sites
(TESs) even within the open reading frames (ORFs). These fea-
tures of transcription are uncommon even among large DNA
viruses; it might represent a form of gene regulation that is
unique to living organisms. Therefore, it is especially important
to use full-length sequencing methods in order to match the
transcript ends.
Previous studies have determined the precise TSSs and TESs
of VACV transcripts [14, 17]. However, the methods that were ap-
plied were not suitable for detecting the entire transcripts at the
single-molecule level, and therefore it was impossible to deter-
mine which TSSs are paired by certain TESs.
The Pacific Biosciences (PacBio) isoform sequencing (Iso-Seq)
protocol (using oligo(dT) or random hexamer primers for the re-
verse transcription), the cDNA sequencing, and direct (d)RNA-
sequencing (RNA-seq) methods from the Oxford Nanopore Tech-
nologies (ONT), as well as the Cap-selection (Cap-Seq) cDNA
preparation method (Lexogen) are able to generate full-length
transcripts, and thus they can circumvent the limitations of SRS
techniques. By using these techniques for cDNA productions
and library preparations with the PacBio Real-Time Sequencer
(RS)II and Sequel, as well as the ONT MinION platforms, we
were able to identify hundreds of novel RNA isoforms (e.g., TSS
and TES variants, mono-, bi-, polycistronic transcripts), dozens
of coding and non-coding RNAs, and numerous complex tran-
scripts in various herpesviruses [18–23] and in a baculovirus [24]
and we were also able to generate a comprehensive full-length
transcript data catalog of VACV.
The PacBio Sequel and the ONT Cap-Seq methods yielded
the highest number of full-length reads in our experiments
(Fig. 1). The ratio between the complete and partial reads varies
within the size-selected RSII samples. ONT 1D cDNA sequencing
yielded the lowest ratio of full-length transcripts but the high-
est number of read counts; therefore, full-length transcripts are
also present in a large number in these samples. Even if a large
proportion of the reads are incomplete, they can be utilized to,
e.g., distinguish between the various transcript isoforms or to
identify embedded transcripts, which is essential for the correct
kinetic classification [13]. A large number of incomplete reads
have been obtained from the dRNA-seq, which were consistent
with our previous results [24]. The current method of this tech-
nique produces sequencing reads missing varying size short se-
quences from both ends. Random-primed reverse transcription
(RT) - based sequencing rarely gains complete reads; the reason
for which is that the primers seldom bind to exactly the 3′-ends
of the transcripts. However, these samples provide further sig-
nificant value to the dataset. For example, random-primed se-
quencing may result in novel, non-polyadenylated transcripts
[25, 26], while direct RNA sequencing data may provide epitran-
scriptomic information by detecting base modifications (e.g.,
m7G). Furthermore, the dRNA-seq method is free of artifacts
produced by RT and polymeraase chain reaction (PCR) in cDNA
sequencing.
The present report provides the first long-read, dynamic RNA
profiling dataset from the family of Poxviruses and the host
cell line (CV-1), which can redefine the VACV transcriptomic
landscape. This study is a very large cohort of data from the
currently available third-generation sequencing methods repre-
senting the forefront techniques for transcriptome research. As
such, the data presented herein can prove to be useful not only
at the molecular level and not just for virologists but also with
respect to general genomics and bioinformatics.
Methods
A detailed workflow pertaining to the different library prepara-
tion strategies is presented in Fig. 2 and Table 1.
Cells and viruses
African green monkey (Chlorocebus sabaeus) kidney fibroblast
cells (CV-1; American Type Culture Collection, [RRID:CVCL 022
9]) were cultured in RPMI 1640 medium (Sigma-Aldrich) sup-
plemented with 10% fetal bovine serum (FBS) and antibiotic-
antimycotic solution (Sigma-Aldrich) in a 150 cm2 culture flask
at 37◦C in a humidified 5% CO2 atmosphere until confluence was
reached. The cells (∼2.6 × 107) were washed with serum-free
medium before the infection. The highly virulent Western Re-
serve VACV strain was used in this study. The virus stock was
diluted in serum-free RPMI 1640 medium and then used (3 mL
virus solution; 10 MOI/cell) for the CV-1 infection. Samples were
incubated at 37◦C in 5% CO2 atmosphere for 1 hour with brief
agitation at 10-minute intervals to redistribute the virus. Three
milliliters of complete growth medium (RPMI 1640 + 10% FBS)
was added to the tissue culture flask, and the infected cells were
further incubated for 1, 2, 4, and 8 hours for RSII sequencing; 1,
2, 3, 4, 6, and 8 hours for Sequel; or 1, 2, 3, 4, 6, 8, 12, and 16
hours for MinION sequencing (Table 1) at 37◦C in a humidified
5% CO2 atmosphere. After the incubation, the cells were rinsed
with serum-free RPMI 1640 medium, which was followed by the
application of three freeze-thaw cycles. Cells were scraped into
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Figure 1: Distribution of sequencing reads. (A) The stacked bar chart of the proportion of full-length and partial reads from PolyA cDNA-sequencing shows large
differences between the various library-preparation and sequencing methods. All of the PacBio methods and the Cap-selected ONT approach resulted in a higher
percentage of full-length reads. The weakest ratios of complete/incomplete reads are from MinION 1D sequencing. The explanation for this result is the lack of size
selection. In PacBio sequencing, even in the non-size-selected samples, the short RNA fragments were eliminated by the MagBead loading protocol. (B) The horizontal
bar graph shows the proportion of full-length/partial reads derived from oligo(d)T-primed, non-size-selected cDNA sequencing, generated by the three different library
preparation kits utilized in this study (the same cDNA kits were used for PacBio RSII and Sequel libraries). The sum of the read counts was taken from individual time
points of Sequel and MinION 1D sequencing. In order to obtain a full set of transcripts, we mixed RNA samples obtained from various time points for the Cap-Seq
analysis. No significant difference between the Sequel and the Cap-selected MinION libraries can be observed, while the MinION 1D-Seq produced much fewer complete
sequencing reads. (C) This figure shows the methods that generated a very low amount of complete reads (<10%). The weak result of the non-size-selected RSII is not
to be considered significant because of the very low yield of this run. However, due to technical reasons, this phenomenon is to be expected from the dRNA-seq and
from the random primed sequencing.
Table 2: Summary table of the amount of RNA, cDNA, and library samples used for PacBio Sequel sequencing.
Run No. Time points (h)






1 mixed 16.2 86.1 5.8
2 mixed 10.0a 109.1 5.2
3 mixed 14.6 75.5 6.9
4 mixed 14.6 98.2 7.2
5 mixed 14.6 84.1 7.1
6 mixed 14.6 89.4 9.1
7 mixed 14.6 77.9 7.9
8 1 27.3 410.0 8.1
9 2 10.0 112.0 9.0
10 3 18.9 87.8 11.1
11 4 51.8 460.0 12.1
12 4 19.9 98.3 6.8
13 6 20.3 95.0 7.8
14 8 39.2 460.0 12.0
15 8 19.6 120.0 6.1
aAmount of rRNA-depleted RNA (for random-primed sequencing)
RNA
Total RNA was purified from the infected cells at various stages
of viral infection from 1 to 16 hours post-infection (pi) using
the NucleoSpin RNA Kit from Macherey-Nagel. Polyadenylated
RNAs were purified from the total RNA using the Oligotex mRNA
Mini Kit (Qiagen, Additional File 1). For the analysis of non-
polyadenylated RNAs, ribodepletion (Epicentre Ribo-Zero Mag-
netic Kit H/M/R) was carried out on the total RNA samples. RNAs
were quantified (Table 2, row A) by Qubit 2.0 using the Qubit
RNA BR Assay Kit for the total RNAs and the Qubit RNA HS As-
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Figure 2: Comprehensive experimental workflow of the PacBio and MinION sequencing.
the samples was assessed with an Agilent 2100 Bioanalyzer. The
samples used had RNA integrity numbers greater than 9.5.
Library preparation for PacBio RSII and Sequel
sequencing
The cDNAs were generated from the polyA(+) RNA fractions in
accordance with PacBio’s recommendations for Iso-Seq method
using the Clontech SMARTer PCR cDNA Synthesis Kit and No
Size Selection’ or the “BluePippin size-selection” protocol (Fig. 2,
Table 1). The samples collected at various time points (1, 4, 8,
and 12 hours pi) were mixed together for the RSII sequencing;
however, different time points (1, 2, 3, 4, 6, and 8 hours pi) were
used individually for the production of cDNA libraries for the
Sequel method. An rRNA-depleted sample mixture (1, 4, 8, and
12 hours) was converted to cDNA with modified random hex-
amer primers (Table 3) instead of the SMARTer Kit’s oligo(d)T-
containing oligo. The amounts of the PCR products were mea-
sured by Qubit (Table 2, row B). The detailed library prepara-
tion methods are described in our recent publication [23]. Briefly,
SMRTbell Template Prep Kit 1.0 was used for SMRTbell library
production (the libraries were quantified by Qubit [Table 2, row
C]), followed by primer annealing using the DNA Sequencing
Reagent Kit 4.0 v2 and polymerase (DNA Polymerase P6) bind-
ing for RSII sequencing, whereas the Sequel Sequencing Kit 2.1
and Sequel DNA Polymerase 2.0 were applied for the Sequel plat-
form. Samples were bound to magbeads (MagBead Kit v2) for
loading onto the PacBio instruments. The RSII movie lengths
were set for 240 minutes, while 600-minute movies were cap-
tured using the Sequel technique. A single movie was recorded
for each SMRT Cell. Seventeen RSII SMRT Cells v3 and 8 Sequel
SMRT Cells v2 (SMRT Cell 1M) were used for sequencing. The
cDNA samples and the SMRTbell templates were quantified (Ta-
ble 2) by Qubit using Qubit dsDNA HS (High Sensitivity) Assay
Kit.
ONT MinION cDNA sequencing
The polyA(+) RNAs were used for cDNA sequencing on the
MinION device. We prepared one library from the RNA mix-
ture (RNA samples from the 1, 2, 3, 4, 6, 8, 12, and 16 hours
pi); but the various time points were also sequenced indi-
vidually (Table 4). For the library preparation, we used the
ONT 1D strand-switching cDNA by ligation protocol (Version:
SSE 9011 v108 revS 18Oct2016), the Ligation Sequencing 1D kit
(SQK-LSK108, Oxford Nanopore Technologies), and the NEBNext
End repair/dA-tailing Module NEB Blunt/TA Ligase Master Mix
(New England Biolabs), according to the manufacturers’ recom-
mendations. Briefly, 50 ng of the polyA(+)-selected RNA sam-
ples were subjected to RT using Poly(T)-containing anchored
oligonucleotides [(VN)T20; ordered from Bio Basic, Canada],
(Table 3), dNTPs (10 mM, Thermo Scientific), Superscript IV Re-
verse Transcriptase Kit (Life Technologies), RNase OUT (Life
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Table 3: Primers sequences used in this study for the reverse transcription reactions.
Sequencing
method Library prep step Name, availability Catalog No. Sequence (5’ → 3’)
PacBio amplified
PolyA
RT 3’ SMART CDS primer II A -SMARTer PCR
cDNA Synthesis kit (Clontech)
634 925 & 634 926 AAGCAGTGGTATCAACGCAGAGTAC(T)30VN
PacBio amplified
Random
RT Custom-made (IDT DNA) –
AAGCAGTGGTATCAACGCAGAGTACNNNNNN
(G: 37%; C: 37%; A: 13%; T: 13%)
MinION cDNA RT Poly(T)-containing anchored primer




MinION CAP-Seq RT TeloPrime Full-Length cDNA
Amplification Kit (Lexogen)
013.08 & 013.24 TCTCAGGCGTTTTTTTTTTTTTTTTTT





MinION CAP-Seq test qPCR D1R fw—custom-made (IDT DNA) – CGAACTAGAGGACCGTTGGG
MinION CAP-Seq test qPCR D1R rev—custom-made (IDT DNA) – TTTCCAGGTCAGCACCGTTT
MinION cDNA
barcoded
barcoding A1/>BC01/(ONT PCR Barcoding Kit 96) EXP-PBC096 AAGAAAGTTGTCGGTGTCTTTGTG
MinION cDNA
barcoded
barcoding A2/>BC02/(ONT PCR Barcoding Kit 96) EXP-PBC096 TCGATTCCGTTTGTAGTCGTCTGT
MinION cDNA
barcoded
barcoding A3/>BC03/(ONT PCR Barcoding Kit 96) EXP-PBC096 GAGTCTTGTGTCCCAGTTACCAGG
MinION cDNA
barcoded
barcoding A4/>BC04/(ONT PCR Barcoding Kit 96) EXP-PBC096 TTCGGATTCTATCGTGTTTCCCTA
MinION cDNA
barcoded
barcoding A5/>BC05/(ONT PCR Barcoding Kit 96) EXP-PBC096 CTTGTCCAGGGTTTGTGTAACCTT
MinION cDNA
barcoded
barcoding A6/>BC06/(ONT PCR Barcoding Kit 96) EXP-PBC096 TTCTCGCAAAGGCAGAAAGTAGTC
MinION cDNA
barcoded
barcoding A7/>BC07/(ONT PCR Barcoding Kit 96) EXP-PBC096 GTGTTACCGTGGGAATGAATCCTT




MinION adapter ligation 5’ adapter (ONT Ligation Sequencing 1D
kit)
SQK-LSK108 GGTGCTG
MinION adapter ligation 3’ adapter (ONT Ligation Sequencing 1D
kit)
SQK-LSK108 TTAACCT
The table also contains the sequence of the gene-specific primer pair used for the amplification of D1R gene of VACV, as well as the sequencing
adapters and barcodes.







sequencing (ng) Barcode no.
Number of flow
cells
1D cDNA polyA(+) mixed 29 253 65 –
1
1D cDNA polyA(+) mixed 29 251 48 –




1D cDNA polyA(+) 2h 50 387 A2




1D cDNA polyA(+) 4h 50 180 A4
1D cDNA polyA(+) 6h 50 207 A5
1D cDNA polyA(+) 8h 50 103 A6
1D cDNA polyA(+) 12h 50 130 A7
dRNA polyA(+) mixed 60 no PCR 10.2 – 1
Cap-Seq total RNA (1, 2, 3h) 2 μg 240 240 – 1
Cap-Seq total RNA (4, 6, 8, 12, 16h) 2 μg 1125 320 – 1
O-methyl-guanine RNA bases (PCR Sw mod 3G; ordered from
Bio Basic, Canada). First-strand cDNAs were generated at 50◦C
for 10 minutes of incubation, which was followed by the strand-
switching step at 42◦C for 10 minutes and a final inactivation
step at 80◦C for 10 minutes. Double-stranded cDNAs (5 μL from
each) were amplified by using KAPA HiFi DNA Polymerase (Kapa
Biosystems), Ligation Sequencing Kit Primer Mix (supplied by
the 1D Kit), and a Veriti Thermal Cycler (Applied Biosystems).
The initial denaturation was conducted at 95◦C for 30 seconds
(1 cycle), the denaturation was carried out at 95◦C for 15 sec-
onds (15 cycles), the annealing step was set to 62◦C for 15 sec-
onds (15 cycles), while the elongation was set to 65◦C for 4
minutes (15 cycles). The final extension step was carried out at
65◦C for 1 minute. NEBNext End repair/dA-tailing Module (New
England Biolabs) and the NEB Blunt/TA Ligase Master Mix (New
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Figure 3: Representation of the depth of viral read coverages generated from different long-read sequencing techniques. (A) Circos plot showing the genome-wide
transcriptome profile of VACV. The colored boxes represent the genes that belong to different kinetic classes (red: early 1 [early]; green: early 2 [early-late]; yellow:
postreplicative [late]; gray: unknown) [13]. Data derived from the five different library preparation and sequencing methods used in this study are shown on the
histogram as follows: green: Sequel all data (data from different time points are mixed together); blue: RSII mixed sample; yellow: MinION 1D cDNA mixed sample;
orange: MinION Cap-selected mixed sample; black: MinION 1D cDNA barcoded all data (data from different time points are mixed together). (B) Visualization of read
coverage on VACV genome at individual time points. Six time points that were sequenced by PacBio Sequel (inner radius) and ONT MinION (outer radius) have been
visualized in a segmented circos plot (every segment represents an individual time point). (C) Sashimi plot presentation of the dRNA-seq data across the VACV genome.
ations, respectively. The adapter sequences were provided by
the 1D kit. Agencourt AMPure XP magnetic beads (Beckman
Coulter) were used to purify the samples following each en-
zymatic step. The Qubit Fluorometer (Life Technologies Qubit
2.0) and the Qubit (ds)DNA HS Assay Kit were applied to mea-
sure the quantity of the libraries. Samples were loaded on R9.4
SpotON Flow Cells, and base calling was performed using Al-
bacore v1.2.6. The PCR amplicons derived from the mixed RNA
sample were size-selected manually and then run on Ultrapure
Agarose gel (Thermo Fischer Scientific), followed by the isola-
tion of 500 bp+ fragments using the Zymoclean Large Frag-
ment DNA Recovery Kit (Zymo Research). The individually se-
quenced samples were labeled with barcodes applying a com-
bination of two ONT protocols: first, the 1D protocol was used,
but after the first end-prep step, we switched to the 1D PCR
barcoding (96) genomic DNA (SQK-LSK108) protocol (version:
PBGE96 9015 v108 revS 18Oct2016, updated 25/10/2017), which
was then followed by the barcode ligation step using the ONT
PCR Barcoding Kit 96 (EXP-PBC096): the barcode adapters (Ta-
ble 3) were ligated to the end-prepped cDNA samples using the
NEB Blunt/TA Ligase Master Mix (New England Biolabs), then
they were amplified by PCR with Kapa HiFi DNA Polymerase. The
quantities of the libraries were measured by Qubit 2.0 (Table 4).
ONT MinION cDNA-sequencing on cap-selected
samples
For more precise identification of the 5′-ends of the full-length
transcripts, a Cap-selection method was applied and combined
with the ONT 1D cDNA library preparation protocol. The cD-
NAs were generated from a mixed total RNA sample (contain-
ing RNAs from 1, 2, 3, 4, 6, 8, 12, and 16 hours pi; Tables 1 and
4) by using the TeloPrime Full-Length cDNA Amplification Kit
(Lexogen). The protocol contains a PCR amplification step. The
specificity of the products was checked by qPCR (Rotor-Gene Q).
A VACV gene-specific primer (D1R gene, Table 3) and ABsolute
qPCR SYBR Green Mix (Thermo Fisher Scientific) were used. The
amplified PolyA(+)- and Cap-selected samples were subjected to
the ONT’s 1D strand-switching cDNA by a ligation method (ONT
Ligation Sequencing 1D kit); they were end-repaired, then lig-
ated to the 1D adapters (NEBNext End repair/dA-tailing Module
NEB Blunt/TA Ligase Master Mix).
ONT MinION—dRNA sequencing
In order to avoid the potential PCR biases, the amplification-
free direct RNA sequencing (DRS) protocol (Version:
DRS 9026 v1 revM 15Dec2016) from the ONTs was applied.
The library was prepared from a PolyA(+) mixture of 8 time
points (1, 2, 3, 4, 6, 8, 12, and 16 hours pi; Table 4). RNA was
mixed with the RT (oligo(dT)-containing T10) adapter (provided







niversity of Szeged user on 18 February 2021
8 A long-read sequencing survey of the VACV transcriptome
Table 5: Summary statistics of the sequencing reads that mapped to the viral and the host reference genomes from each run.
VACV C. sabaeus
Run no. Major specificities of libraries Number of mapped readsa Coverage Number of mapped readsa Coverage
1 RSII mix no size selection 110 0.7684 512 0.0002
2 RSII mix random primed 31 0.1137 2,905 0.0008
3 RSII mix BluePippin size selection:
0.8–5kb+
23,802 114.55 50,200 0.0167
4 RSII BluePippin size selection: 0.8–2kb 1,283 6.4407 15,206 0.0055
5 RSII BluePippin size selection: 2–3kb 5,029 24.46 8,752 0.0035
6 RSII BluePippin size selection: 3–5kb 20,103 97.639 68,766 0.0217
7 RSII BluePippin size selection: 5kb+ 8,848 46.399 16,024 0.0048
8 Sequel 1h 455 1.8081 38,239 0.0145
9 Sequel 2h 527 2.2227 38,255 0.0163
10 Sequel 3h 1,068 4.9862 68,500 0.032
11 Sequel 4h 809 3.0213 42,379 0.018
12 Sequel 4h 2nd 4,522 22.49 233,709 0.109
13 Sequel 6h 3,031 13.401 101,745 0.0499
14 Sequel 8h 5,482 27.619 101,624 0.0548
15 Sequel 8h 2nd 11,628 63.066 63,987 0.0264
16 MinION 1D cDNA Manual size
selection: 500bp+
89,778 302.1 293,048 0.0801
17 MinION dRNA 1,259 3.3894 14,757 0.0026
18 MinION Cap-selection 155,876 550.86 327,964 0.059
19 MinION 1D cDNA barcoded 1h 17,048 31.358 69,060 0.0166
20 MinION 1D cDNA barcoded 2h 94,125 147.62 474,008 0.0949
21 MinION 1D cDNA barcoded 3h 22,029 34.865 88,064 0.017
22 MinION 1D cDNA barcoded 4h 41,700 66.981 134,090 0.0249
23 MinION 1D cDNA barcoded 6h 42,082 75.602 106,989 0.0205
24 MinION 1D cDNA barcoded 8h 48,437 101.6 51,071 0.0099
25 MinION 1D cDNA barcoded 12h 57,039 92.483 31,924 0.0028
aThe difference between the yield of the size-selected and nonsize-selected samples might be caused by the underloading of the SMRT Cell and it is independent from
the size-selection step. In some cases, PacBio run results in low output, for which the possible reason is the underloading of the Cells.
T4 DNA ligase (2M U/mL; New England BioLabs). Following a
10-minute incubation, the first-strand cDNAs were generated
with SuperScript III Reverse Transcriptase (Life Technologies),
according to the DRS protocol, at 50◦C for 50 minutes, then
at 70◦C for 10 minutes in a Veriti Thermal Cycler. Samples
were purified by using Agencourt AMPure XP Beads (Beckman
Coulter). XP Beads were handled before use with RNase OUT
(40 U/μL; Life Technologies; 2 U enzyme/1 μL bead). Washed
samples were eluted in Ambion Nuclease-Free Water (Thermo
Fisher Scientific). An RMX sequencing adapter was ligated
to the samples with NEBNext Quick Ligation Reaction Buffer
(New England BiceoLabs) T4 DNA ligase. Samples were washed
with RNase OUT-treated XP beads and Wash Buffer (part of
the DRS Kit). Finally, the samples were eluted in 21 μL Elution
Buffer (provided by the DRS Kit). The concentrations of the
reverse-transcribed and adapter-ligated RNAs were measured
using the Qubit 2.0 Fluorometer and Qubit dsDNA HS Assay Kit
(Life Technologies). The ONT cDNA libraries, the Cap-selected
samples, and the direct RNA libraries were loaded on 3, 2, and
1 ONT R9.4 SpotON Flow Cells for sequencing, respectively. The
runs were carried out using MinKNOW. Voltage levels were set
and reset in line with the suppliers’ recommendations.
Data analysis and visualization
The PacBio RSII reads of insert (ROI) reads were generated us-
ing the RS ReadsOfInsert protocol of the SMRT Analysis v2.3.0,
with the following settings: Minimum Full Passes = 1, Mini-
mum Predicted Accuracy = 90, Minimum Length of Reads of
Insert = 1, Maximum Length of Reads of Insert = No Limit.
These consensus reads were mapped using GMAP (GMAP, RRID:
SCR 008992) [27] (version 2017–09-30) with the default settings.
GMAP was chosen in this work because we found it to be the
best long-read aligner in our earlier publications [18–24]. Oth-
ers have also found that GMAP produces the best alignment re-
sults [e.g., 28]. The ROIs from the Sequel data were created using
SMRT Link5.0.1.9585. ONT’s Albacore software v.2.0.1 (Albacore,
RRID:SCR 015897) was then applied for the MinION base calling.
This base caller is able to identify the nucleotide sequences di-
rectly from raw sequencing data. The reads were aligned with
the GMAP program using the same setting as described above.
The raw reads were aligned to the reference genome of the
virus (LT966077.1) and the host cell (Chlorocebus sabaeus) (Gen-
Bank assembly accession: GCA 000 409795.2 [latest]; RefSeq as-
sembly accession: GCF 000 409795.2 [latest]). In-house routines
were used to acquire the quality information presented in this
data note. The code has been archived on Github [29]. Bedtools
genomecov software (BEDTools, RRID:SCR 006646) [30] was used
to generate coverage files with the following parameters: -split—
ibam. The output bed files from cDNA sequencing were visual-
ized by Circos plot [31] (Fig. 3), while the low-coverage dRNA-
seq data was shown using the Integrative Genomics Viewer (IGV,
RRID:SCR 011793)[32].
Data Summary
The raw sequencing reads were mapped to both the VACV ref-
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Figure 4: Polar plot representation of the percentages of virus-host read counts.
erated full-length transcripts of VACV and the CV-1 cells, yield-
ing about 3.17 Gb of mapped sequencing data. Sequencing on
the RSII and Sequel platforms yielded 86,728 and 850,803 ROIs
aligned to the viral and the host genomes, respectively. The uti-
lized nanopore-based cDNA sequencing approaches resulted in
413,497 VACV-specific reads (Table 5, Additional File 2), while
we obtained 155,876 reads from the Cap-selected samples. The
different MinION sequencing methods yielded 1,590,975 reads
that mapped to the host genome. The ratio of viral transcripts
is 21.9% on average in our samples. The exact ratio is depen-
dent on the titer of the virus used for the infection, as well as
on the stage of the viral life cycle at the examination period.
The sequencing method affects the ratio of read counts between
the virus and host cell; e.g., the MinION 1D-Seq method yields a
higher amount of shorter reads compared to the PacBio Sequel
technique. The VACV transcripts are relatively short compared
to the host or to other large DNA viruses (such as herpesviruses
and baculoviruses), which is assumed to result in the relatively
high ratio of viral reads compared to the host reads in the Min-
ION samples (Fig. 4, Additional File 3). The ratio of the viral reads
in the RSII samples (with or without size selection) is lower than
that of the MinION samples; however, this ratio is significantly
higher than in the Sequel samples (without size selection). The
Sequel platform generated the same or longer read length than
the RSII size-selected samples (Fig. 5, Additional File 2). In con-
trast to the Sequel and MinION samples where individual time
points of viral infection were analyzed, we used mixed time-
point samples for the RSII sequencing, therefore the compari-
son of the obtained results is not possible. The PacBio MagBead
loading method and the overall yield of the given runs can also
account for the generation of varying ratio of viral reads in the
different samples.
The average lengths of ROIs aligning to the VACV genome
were 1,098 bp for PacBio RSII and 1,157 bp for the Sequel. The
MinION average read lengths were as follows: 557 bp for ONT
barcoded cDNA sequencing, 792 bp for the cDNA-Seq, and 965
bp for the Cap-selected samples (Fig. 5, Additional File 2). The
average read length produced by dRNA sequencing was 537 bp.
It should be noted that the library preparation and size-selection
methods resulted in different samples in terms of length; all
library preparation methods resulted in longer average read
length aligning to the host genome than to the viral genome
(Fig. 5, Additional File 2). We have compared the average aligned
read-length of cellular transcripts obtained in this and in other







niversity of Szeged user on 18 February 2021
10 A long-read sequencing survey of the VACV transcriptome
Figure 5: Box plot presentation of the average of aligned read lengths obtained from the applied sequencing methods. The reads were mapped to the VACV and to the
host genome, and the average lengths were plotted with the standard deviation values.
The various sample preparation and sequencing techniques
produced different read lengths, read numbers and precision, as
well as different artifacts. There is a relatively large difference
between the PacBio and ONT sequencing approaches concern-
ing the quality of the sequencing reads; the PacBio technique
produces fewer mismatches, insertions and deletions (INDELs)
than nanopore sequencing. The various sequencing platforms
recommend different cDNA production kits, which contain dif-
ferent enzymes and primers for both the RT and PCR. The var-
ious primers and library preparation conditions could produce
artifacts; however, these can be easily filtered out if we com-
pare the results of different methods. The PacBio MagBead load-
ing selectively eliminates the short fragments (<1,000 bp). On
the one hand, removal of incomplete cDNAs can be advanta-
geous, at the same time, it is unfavorable, as we are unable to de-
tect the shorter transcripts and RNA isoforms. Our data demon-
strate that the ONT MinION sequencing resulted in higher er-
ror rates for both INDELs and mismatches in comparison to the
PacBio systems (Additional File 2). The composition of the er-
rors of the three platforms (RSII, Sequel, and MinION) and the
various library preparation techniques (e.g., dRNA-seq, Cap-Seq,
etc.) are different. Mismatches are the most common errors in
ONT cDNA-Seq, which is consistent with others’ data [36]. In
agreement with the previously published data [36], our results
also indicate that insertions are the least frequent errors in ONT
MinION sequencing. In accordance with others’ results [37], our
dRNA reads have higher deletion error rates than either of the
cDNA datasets and lower than those of the ONT cDNA-Seq sam-
ples, which might be the result of the lower coverage of the
dRNA-seq. In contrast to others’ results [36], deletions are the
major errors in our PacBio RSII dataset. The quality of the Sequel
dataset shows “coverage-specificity”; mismatches are the major
errors in the lower-coverage samples, which complies with oth-
ers’ data [36], while contrary to the same report in that the inser-
tions are more frequent in the higher coverage samples in our
dataset. The RSII and the Sequel platforms produce the same
error rate. Conversely, our data show a somewhat higher error
rate for the Sequel, which might be the result of the different
library preparation approaches. In sum, the absolute error rate
of both PacBio platforms is low, while the higher ONT error rate
is “compensated” by the higher coverage. It is worth mention-
ing that read quality is not essential for transcriptome analysis
if well-annotated genomes are available.
Our transcriptomic survey yielded extremely high coverage
across the viral genome (Fig. 3): 290.1 fold for the RSII, 138.6 fold
for the Sequel, 550.5 fold for the bar-coded MinION cDNA-Seq,
550.8 fold for the Cap-selected samples, and 302.1 fold for the
cDNA sequencing (more detailed information, including quality
information, is available in Table 5 and Additional Files 2 and 4).
Our data show that the entire VACV genome is transcriptionally
active, generating RNAs from both DNA strands. Our dataset also
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Figure 6: Comparison of the read lengths mapped to the host genome of this and other studies. It must be noted here that the analyzed cell lines are from different
organisms and/or they were infected with different viruses using different incubation time points. (A-C) RSII and Sequel platforms provide relatively fixed read length
(RSII: 800–1,400 bp; Sequel: 1,050–1,500 bp). The average read length of CV-1 samples is longer than those of the MRC-5 in the RSII PolyA-sequencing; however, the
opposite result has been obtained with the random-primed RSII and the Sequel PolyA-Seq. (D-G) The MinION platform produces greater length variance (250–1,200 bp)
except for the Cap-Seq approach, which shows a very small difference between the read lengths among the four different cell lines. Cell lines: African green monkey
kidney fibroblast cells (CV-1) infected with VACV or herpes simplex virus type 1 (HSV-1); human lung fibroblast cells (MRC-5) infected with human cytomegalovirus
(HCMV) or varicella-zoster virus (VZV); porcine kidney 15 (PK-15) cell line infected with pseudorabies virus (PRV); and Sf9 insect cell line infected with the baculovirus
Autographa californica multiple nucleopolyhedrovirus (AcMNPV).
The read-length distributions for the dataset are shown in
Fig. 7 (reads mapped to the VACV genome), as well as in Figs. 8
and 9 (data aligned to the VACV and to the host genome). De-
tailed information is available in Additional File 5.
The read counts aligned to the mRNAs have been calculated
(Additional File 6). Most of the host-specific reads align to the
coding region in this dataset (the values vary between 43% and
87% based on the read counts and between 35% and 85% if we
compare the number of nucleotides).
We mapped the raw data to the VACV and to the host mR-
NAs. Ten viral and 10 host genes that are expressed at every ex-
amined time point were chosen for a heat map analysis (Fig. 10).
Only the full-length transcripts were calculated for the analy-
sis. A read was considered full length if it contained the 5′ and
3′ adapter sequences as well as the polyA-tail preceding the 3′
adapter. Porechop software v.0.2.3 [38] was used to identify the
5′ and 3′ adapters. Reads lacking an adapter on either the 3′- or
the 5′-end, or on both ends, and reads with 5′ or 3′ adapters on
both ends were considered as non-full length reads. Reads that
were categorized as full length were mapped to the reference se-
quences by GMAP (Additional File 7). A plus/minus 20 bp range
was set to and from the previously annotated transcription start
and end sites, and the reads that belonged to this category were
used for the analysis. The relative expression ratios of each ex-
amined transcript were calculated by dividing the obtained full-
length read count of the transcript by the total read count in the
given sample.
Conclusions and Reuse Potential
The present study generated data using state-of-art sequencing
technologies (PacBio RSII and Sequel, as well as the ONT MinION
platforms, applying a new protocol for barcoding the samples).
These data allow a time-course look at the full-length transcrip-
tome of VACV, as well as the CV-1 host cell line.
The dataset was primarily produced for the dynamic char-
acterization of the VACV transcriptome. Another aim was to
generate a deep coverage long-read dataset for the analysis of
the different transcript isoforms, including length (5′-ends and
3′-ends) variants; mono-, bi-, and polycistronic transcripts; and
also to define full-length transcripts produced by the various vi-
ral genes. This dataset is useful in understanding the complexity
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Figure 7: Bar chart representations of read-lengths distributions (depicted for 500 bp long bins, at log10 scale). (A) Sequel. Most of the reads fall within the range of
501–1,000 bp at each time point. There are no substantial length differences between the samples within the first four intervals; however, the earlier time points
disappear later; only the samples from 4, 6, 8, and 12 hours contain reads longer than 4,000 bp, while reads longer than 4,500 bp could be detected only within the
8-hour post-infection samples. (B) MinION. Most of the reads fall to the shortest range (1–500 bp), and very few reads are longer than 3,501 bp from the 4-, 6-, 8-,
and 12-hour samples. (C) RSII size-selected samples. The shortest and longest reads are overrepresented in the 0.8–5 kb+ sample. The 0.8–2 kb sample represents the
shortest read population; no reads are longer than 2 kb. There is no significant difference between the samples at the size ranges 2–3 kb, 3–5 kb, and 5 kb+; the largest
amount of transcripts is within the 501–1,000 bp range. The reason for the relatively low read count within the higher size ranges may be that the length of the VACV
transcripts are much shorter than, e.g., herpesviruses or baculoviruses. (D) RSII no size selected PolyA vs. random-primed samples. The shorter reads are overrepresented
in the random primed sample (< 1,000 bp), while most of the reads from the PolyA-Seq sample fall within the 1,001–2,000 bp interval (this is the typical average read
lengths of the PacBio RSII without size selection).
be used to investigate the effect of the viral infection on the gene
expression of the host.
The provided binary alignment files contain reads already
aligned to the VACV and to the host genome. These aligned reads
can be further analyzed by comparing them to the results of
various long-read aligners (e.g., BLASR [39], NGMLR [40], Min-
imap2 [41]) and bioinformatics tools (e.g., samtools [42] or bed-
tools [43]). Other long-read sequencing programs or pipelines
(e.g., SQANTI [44]) can be tested using this dataset.
These data can be visualized by using different programs
such as the Geneious [45], Artemis [46], or IGV [32]. Data can
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Figure 8: Comparison of the read-length distributions between the VACV and the host (Chlorocebus sabaeus) transcripts within the utilized non-size-selected library
preparation methods. Mapped read lengths are expressed in base pairs, and the distribution is shown for 100 bp long bins. The x-axis is only presented up to 4,000 base
pairs, even though the longest read that was detected was up to as long as 9,000,bp; 99.86% of the alignments fall into this range. In most cases, the PacBio platforms
generated longer reads than the ONT methods.
prove those already available. The files contain terminal polyA
sequences as well as the 5′ and 3′ adapter sequences, which can
be used to determine the orientations of the reads. The dataset
contains the raw dataset from dRNA sequencing (fast5.tar.gz),
which can be further analyzed by using the Tombo software
package [47], which enables the detection and visualization of
modified nucleotides, such as the 6-methyladenine, the most
common internal mRNA modification described in eukaryotes
[48–50] as well as in viruses [51–53], or the 5-methylcytosine,
which is another abundant modification recently confirmed in
mRNA [54–57]. To the best of our knowledge, these modifications
have not yet been shown in the Poxviridae family. The raw data
provided from PacBio Sequel sequencing can be used to improve
existing base caller algorithms or potentially to develop novel
algorithms. Furthermore, the data contain the full set of quality
values and kinetic measurements.
This dataset can be used to identify novel VACV and CV-1
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Figure 9: Illustration of the read-length distributions of the VACV and the host (Chlorocebus sabaeus) transcripts within the utilized size-selected library preparation
methods. Aligned read lengths are shown in base pairs per 100 bp intervals. The distribution patterns of the viral and host cell reads resemble one another in the
size-selected RSII samples, especially in the 2–3 kb, 3–5 kb, and 5 kb+ samples. Samples reach their highest peaks around 1,000 bp; however, the peak shifts to the
right according to the size selection. There is a significant peak in every sample within the shortest range (1–100 bp) in the host reads. The effect of size selection is
the most dramatic in the MinION virus sample; the read counts drastically increase beyond 200 bp.
host transcripts, TSS and TES variants, as well as polycistronic
transcripts of the virus and the host in order to examine the ef-
fect of VACV infection on the host gene expression at the differ-
ent stages of viral life cycle, as well as for the comparison of the
quality and length of the sequencing reads derived from differ-
ent sequencing platforms. The various library preparation meth-
ods can also be compared with one another. The data provided
could be used to better understanding the logic of gene expres-
sion control of Poxviruses and can also be used to design gene
expression vectors.
Availability of source code and requirements




Other requirements: NET framework
License: GPL v3
Availability of supporting data
All of the presented here data were deposited in the European
Nucleotide Archive under the accession number PRJEB26434
(Characterization of the Vaccinia virus transcriptome) and PR-
JEB26430 (Dynamic characterization of the Vaccinia virus tran-
scriptome). Alignments and other data are also available from
the GigaScience GigaDB repository [58] (Additional file 8).
Additional files
Additional file 1: Summary table of the reagents and chemistries
used for the sequencing
Additional file 2: Summary table of the virus-host ratios
within the single runs
Additional file 3: Summary statistics of the sequencing reads
which mapped to the viral genome (A) and to the host refer-
ence genome (B) from each run. SE: standard error. ∗ The dif-
ference between the yield of the size-selected and non-size-
selected samples might be caused by the underloading of the
SMRT Cell and it is independent from the size-selection step. In
some cases, PacBio run results in low output, for which the pos-
sible reason is the underloading of the Cells.
Additional file 4: Summary statistics of the viral and host
reads from each run.
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Figure 10: Heat maps depict the relative expression ratios (the proportion of read counts to the total number of reads at a given time point; the values are expressed
as percentages [%]). White indicates the lowest relative expression values, while the dark red (VACV) or dark blue (host) represents the highest values. The dynamic
profiles of the examined viral genes differ in the two datasets derived from the different sequencing methods. This alteration can be explained by the different read-
size preferences of the two methods (however, further data analysis is required for accurate kinetic findings). According to a previous study [13], the examined viral
genes belong to the early kinetic class. This is evidenced by the fact that the relative expression values are higher at the early time points, especially in the MinION
dataset. The majority of the examined cellular genes show constant expression level (mainly in MinION data), most of them belong to the housekeeping genes:
https://hpcwebapps.cit.nih.gov/ESBL/Database/NephronRNAseq/Housekeeping Genes.html. The expression patterns of the following genes were analyzed: VACV; 1.
c11r: Epidermal growth factor-like protein (EGF-like protein); 2. c7l: Interferon antagonist C7 (host range protein 2); n2l: protein N2; m2l: protein M2; e3l: protein E3; h5r:
Late transcription elongation factor H5; b8r: Soluble interferon gamma receptor B8; b19r: Ankyrin repeat protein B19; vacwr 4: Truncated CrmB protein. HOST; CST3:
C. sabaeus cystatin C (XM 007961908.1); PSAP: C. sabaeus prosaposin, transcript variant X1 (XM 007963126.1); PKM: C. sabaeus pyruvate kinase PKM (LOC103217002)
(XM 007964863.1); GAPDH: C. sabaeus glyceraldehyde-3-phosphate dehydrogenase (XM 007967342.1); ENO1: C. sabaeus enolase 1, (alpha), (XM 007980661.1); FTL: C.
sabaeus ferritin, light polypeptide (XM 007997480.1); ATP5B: C. sabaeus ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide (XM 008003700.1);
ACTG1: C. sabaeus actin, gamma 1 (XM 008013242.1); EEf1A1: C. sabaeus eukaryotic translation elongation factor 1 alpha 1 transcript variant X1 (XM 008013483.1); 60S:
C. sabaeus 60S ribosomal protein L3-like (LOC103247496), mRNA (XM 008019639.1)].
Additional file 6: Statistics of the read counts mapped to the
host genome versus the host mRNAs.
Additional file 7: GenBank accession numbers and URLs of
the VACV and host genes selected for heatmap expression anal-
ysis.
Additional file 8: Correspondence between the file names of
alignments deposited in ENA and the names that are used in this
manuscript. The table also contains the ENA accession numbers
of the study, of the experiments, samples, as well as the runs.
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32. Robinson JT, Thorvaldsdóttir H, Winckler W, et al. Integrative
genomics viewer. Nat Biotechnol 2011;29:24–26.
33. Prazsak I, Moldovan N, Tombacz D, et al. Long-read sequenc-
ing uncovers a complex transcriptome topology in varicella
zoster virus. bioRxiv 2018;399048; doi: https://doi.org/10.110
1/399048.
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Department of Medical Biology, Faculty of Medicine, University of Szeged, Szeged, Hungary
Keywords: varicella zoster virus, long-read sequencing, transcriptome, full-length sequencing, nanopore-based
sequencing, Oxford Nanopore Technologies
INTRODUCTION
Varicella zoster virus (VZV) belongs to the Alphaherpesvirinae subfamily of the Herpesviridae
family. It is the etiological agent of chickenpox (varicella) caused by primary infection and
shingles (zoster), which is due to reactivation of the virus from latency (Kennedy, 2002). Many
countries have adopted recommendations for routine immunization of children and susceptible
adults against VZV. The VZV virion is composed of an icosahedral nucleocapsid surrounded by
a tegument layer, which is covered by an envelope derived from the host cell membrane with
incorporated viral glycoproteins (Maresova et al., 2005). The genome of VZV consists of a linear
double-stranded DNAmolecule and is approximately 125 kbp in size, which contains more than 70
annotated open reading frames (ORFs) (Tyler et al., 2007). The transcription of the virus is strictly
regulated by cascade-like processes. First, the immediate-early (IE) transcripts are expressed, which
is then followed by the expression of the early (E), and then the late (L) kinetic classes of transcripts
(Reichelt et al., 2009). The IE ORF62 gene of VZV encodes the major transactivator, which controls
the expression of other viral genes. The viral E genes encode proteins that are used in DNA
replication, while L genes code for the structural elements of the virus.
High-throughput short-read sequencing (SRS) techniques have revolutionized transcriptome
research (Delseny et al., 2010). These techniques have also been utilized in the investigation
of herpesvirus gene expression (e.g., Chambers et al., 1999; Ebrahimi et al., 2003; Baird et al.,
2014; Oláh et al., 2015). However, the SRS approach has severe limitations in comparison
to long-read sequencing (LRS), including Pacific Biosciences (PacBio) and Oxford Nanopore
Technologies (ONT) platforms. LRS techniques have been used before in transcriptome studies
of the herpesviruses (O’Grady et al., 2016; Tombácz et al., 2016, 2017; Balázs et al., 2017a,b;
Moldován et al., 2018). These studies uncovered a very complex transcriptome, which included
the identification of a large number of novel RNA molecules and transcript isoforms (Tombácz
et al., 2015, 2017; Balázs et al., 2017a). Moreover, an extended meshwork of overlaps between the
transcripts was also detected by these studies (Tombácz et al., 2016; Moldován et al., 2018).
The presented data report is aimed toward providing a new, comprehensive transcript catalog
of VZV using an LRS approach for the first time. In this study, we applied the ONTMinION device
and various full-length cDNA sequencing protocols that capture the entire poly(A)-transcriptome
of VZV.
Tombácz et al. Transcriptome of Varicella Zoster Virus
VALUE OF THE DATA
1. Varicella zoster virus (VZV) is world-wide distributed human
pathogenic alphaherpesvirus.
2. No long-read sequencing (LRS) transcriptome data fromVZV
has been published thus far. Here, we provide a dataset on the
lytic polyadenylated transcriptome of the VZV generated by
LRS from Oxford Nanopore Technologies.
3. LRS approaches have been reported to be superior to other
methods, including short-read sequencing in the detection
of embedded RNA molecules, polycistronic transcripts and
transcriptional overlaps, as well as in distinguishing between
RNA isoforms including splice and transcript end variants.
These data will be useful for analyzing the complexity of
VZV transcriptome, for identifying novel transcripts and for
comparing the ONT platform with other cDNA sequencing
approaches.
DATA
In this work, the ONT MinION sequencing technique was used
for the analysis of the genome-wide expression of VZV genes
using the 1D cDNA sequencing protocol. For the detection
of full-length transcripts, a modified version of this approach
was also carried out, starting with Cap-selection of the RNA
samples, using a so called “all-in-one” Cap-selection protocol,
but this technique produced very short average read lengths
(Table 1). We obtained the same poor result with pseudorabies
virus (PRV; Moldován et al., 2018; Tombácz et al., 2018) and
Herpes simplex virus−1 (HSV; submitted). In contrast, Cap-
selection performed very well in the analysis of the transcriptome
of a baculovirus (unpublished) and vaccinia virus (VACV,
unpublished). From these results, it has become apparent that
not the AT-content (VACV: 66%, VZV: 54%, HCMV: 42%,
HSV: 32%, PRV: 27%) accounts for the short read length in
the Cap-selected samples, but rather an unknown factor that
prevents the completion of reverse transcription in only the
alphaherpesviruses.
ONT 1D cDNA sequencing yielded 57,888 VZV-specific
sequencing reads with an average coverage of 649, while
the sequencing on Cap-selected samples resulted in 509,531
reads (1,253-fold coverage) mapped to the VZV genome
(NC_001348.1). The average read-lengths for the cDNA
sequencing and for the Cap-sequencing were 1,470 and 427bp,
respectively (Table 1, Figure 1A).
ONT sequencing is able to read full-length RNA molecules,
but it falls short in accuracy. due to its high-throughput
workflow. Additionally, we used barcoding for better
identification of the transcripts’ ends. ONT sequencing is
afflicted by sample degradation, which in general can be
eliminated by using Cap-selection. Reads were sorted by the
Albacore v. 2.0.1 according to their q-sore in two categories: pass
and fail. Only the reads belong to the passed category were used
in further analysis. Non-virus specific sequencing reads were
filtered by mapping to the above mentioned viral genome using
GMAP.
TABLE 1 | Summary of the obtained reads and read qualities mapped to the VZV
genome (Unique: duplicates have been removed; Duplicates: duplicate reads are
included in the statistics).













Anumber of mapped reads; Baverage of read lengths; Cmedian of the aligned reads;
Daverage of the aligned reads; ESD of average; F read coverage across the VZV genome;
Gpercentage of deletions; Hstandard deviations; Ipercentage of insertions; Jstandard
deviations; Kpercentage of mismatches; Lstandard deviation values of mismatches.
MATERIALS AND METHODS
Cell Culture and Virus Growth
Human primary embryonic lung fibroblast cell line (MRC5) was
obtained from the American Type Culture Collection and grown
inDulbecco’smodified Eagle’s minimal essential medium (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 1% of an
antibiotic/antimycotic (AB/AM) solution (Lonza, Walkersville,
MD, USA) and 10% fetal bovine serum (GE Healthcare Life
Sciences, Logan, UT, USA) at 37◦C in a 5% CO2 atmosphere.
The live attenuated OKA/Merck strain of varicella zoster virus
(VZV) (MSD Pharma Hungary Kft., Budapest, Hungary) was
cultured at 37◦C in MRC5 cell line, and the cells were harvested
by trypsinization, when the monolayers had displayed near 80%
specific cytopathic changes. For sub-passage of the virus or for
experiments, the VZV-infected whole cells were used to inoculate
MRC5 cultures previously grown to full confluence at a ratio of
one infected cell to ten uninfected cells. The cultures were then
incubated at 37◦C for 5 days.
RNA Purification
Total RNA was isolated from the infected cell using the
NucleoSpin R© RNA kit (Macherey-Nagel) as was previously
described (Tombácz et al., 2016, 2017; Balázs et al., 2017a). Total
RNA samples were handled by Ambion R© TURBO DNA-freeTM
Kit (Thermo Fisher Scientific) to remove to potential gDNA
contamination. For the 1D cDNA sequencing, the polyA(+)
fraction was extracted from the total RNA samples by using
the Qiagen Oligotex mRNA Mini Kit, following the “Spin
Columns” protocol of the kit. Samples were quantified by
Qubit 2.0 fluorimeter using the Qubit RNA BR and HS Assay
Kits (Life Technologies) for the total RNA and PolyA(+)RNA
measurement, respectively and then they were stored at −80◦C
until use.
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FIGURE 1 | Read length and read length distributions. (A) The horizontal bar charts show the average read lengths of the two different libraries, as well as the median
and the average read lengths mapped to the viral genome. (B) The average distribution of read lengths which align to the VZV genome; binned to 500bp intervals at
log10 scale.
Generation of Sequencing Libraries
An ONT MinION device was used for the analysis of the full-
length transcriptome profile of VZV. We applied two library
preparation protocols. The 1D cDNA sequencing was carried out
by using the 1D Strand switching cDNA by ligation protocol
(Version: SSE_9011_v108_revS_18Oct2016). After the first End-
prep step, a barcode (C11 barcode: ONT PCR Barcoding Kit 96;
EXP-PBC096) was ligated to the cDNA samples following the
relevant part of the 1D PCR barcoding (96) genomic DNA (SQK-
LSK108) protocol, for better identification of the 5′ end of the
reads. We also applied a Cap-selection method combined with
the 1D protocol for the detection of the 5′-ends of the transcripts.
The TeloPrime Full-Length cDNA Amplification Kit (Lexogen)
was used for the cDNA preparation. Total RNA was used for
the reverse transcription (RT). The sample was mixed with RT
buffer and a specific primer (both are part of the kit). The reaction
started with incubation at 70◦C for 30 s, which was then followed
by a 1min step at 37◦C. The reverse transcriptase enzyme and
the additional reagents (components of the kit) were mixed with
the sample and then the reaction was contained at 37◦C for
2min. The next incubation step of the RT was carried out at
46◦C for 50min. The sample was purified by using the kit’s Silica
columns. The double-strand (ds) specific ligase enzyme (Lexogen
kit) was used to join the adapter to the cDNA. The ligation was
done at 25◦C overnight, then the sample was purified using the
silica membranes of the kit. The dscDNAs were generated by
using the EnzymeMix and the Second-Strand Mix (Lexogen kit).
The cDNA generation was carried out in a Veriti thermal cycler,
applying the following protocol: 98◦C for 90 s, 62◦C for 60 s, 72◦C
for 5min (16 cycles), hold at 25◦C.The library production from
the dsDNA was based on the 1D protocol; the end-repair and the
1D adapter ligation (NEBNext End repair / dA-tailing Module
NEB Blunt/TA LigaseMasterMix) steps were carried out by using
the 1D protocol and kit. The ready libraries were run on an ONT
R9.4 SpotON Flow Cells.
The concentration of both the dscDNAs, as well as the
libraries was detected by using Qubit 2.0 and Qubit dsDNA HS
quantitation assay (Life Technologies).
Mapping, Data Processing, and Statistics
The ONT’s Albacore software v2.0.1 was used for base calling.
These sequencing reads were aligned using the GMAP (Wu
and Watanabe, 2005) version 2017-09-30 with default setting
to the genome NC_001348. Statistics about the read quality,
such as insertions, deletions, and mismatches, as well as the
coverages can be found in Table 1. In house scripts were used
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to obtain the quality information presented in this data report
(Github, doi:10.5281/zenodo.1034511). The basic statistic data
about the FASTQ files are shown in Supplementary Table 1.
The FASTQ analysis was carried out using the ea-utils package
(Aronesty, 2011). This toolkit includes programs for calculating
sequencing and alignment statistics, demultiplexing, and variant
calling. The fastq-stats program from this software package was
used to obtain data base quality scores, and additional basic
information such as base composition, base count, read lengths.
FastQC version 0.11.5 was used to generate quality reports
(deposited in Figshare; https://figshare.com/articles/Varicella_
Zoster_FastQC_data/7016372, Supplementary Table 2).
The read length distribution of the samples is visualized in
Figure 1B.
DATA AVAILABILITY
The sequencing data and the transcriptome assembly have
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DATA AVAILABILITY STATEMENT
The datasets generated for this study can be found in the
European Nucleotide ArchivePRJEB25401 [https://www.ebi.ac.
uk/ena/data/search?query=PRJEB25401]; named as “Long-read
Sequencing Dataset of Varicella Zoster Virus.”
AUTHOR CONTRIBUTIONS
DT carried out ONT sequencing, data analysis, and drafted
the manuscript. IP take part in RNA purification, sequencing,
and data analysis. NM participated in data analysis. AS carried
out bioinformatics analysis. ZB conceived and designed the
experiments, and wrote the manuscript. All authors read and
approved the final paper.
FUNDING
This work was supported by the Swiss-Hungarian Cooperation
Programme [SH/7/2/8] and by NKFIH OTKA K 128247 to ZB.
The work was also supported by the Bolyai János Scholarship of
the Hungarian Academy of Sciences to DT.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2018.00460/full#supplementary-material
Supplementary Table 1 | Basic statistics of the reads.
Anumber of reads in the given file; Bmean of the read lengths in given FASTQ;
Cstandard deviation; DPhred scale used (Phred scale also known as the quality or
Q scores of a base, which are often represented as ASCII characters. Tables
converting between integer Q scores, ASCII characters and error probabilities are
shown in the upper table in the following website: https://www.drive5.com/
usearch/manual/quality_score.html. The ASCII_BASE 33 is now almost universally
used for short – and long-read sequencing techniques); ENumber of reads used
to generate duplicate read statistics (the total read count of a given sample was
used for the duplicate analysis); Fbase Quality min; Gbase Quality max; Hbase
Quality mean; Ibase Quality SD; J A content (%); KC content (%); LG content (%);
MT content (%); Ntotal number of bases; (Unique: duplicates have been removed;
Duplicates: duplicate reads are included in the statistics).
Supplementary Table 2 | This table summarizes the type of samples and the
related FastQC file names, which have been deposited to the Figshare.
REFERENCES
Aronesty, E. (2011). ea-utils : “Command-Line Tools for Processing Biological
Sequencing Data”. Available online at: https://github.com/ExpressionAnalysis/
ea-utils
Baird, N. L., Bowlin, J. L., Cohrs, R. J., Gilden, D., and Jones, K. L.
(2014).Comparison of varicella-zoster virus RNA sequences in human neurons
and fibroblasts. J. Virol. 88, 5877–5880. doi: 10.1128/JVI.00476-14
Balázs, Z., Tombácz, D., Szucs, A., Csabai, Z., Megyeri, K., Petrov, A. N.,
et al. (2017a). Long-read sequencing of human cytomegalovirus transcriptome
reveals RNA isoforms carrying distinct coding potentials. Sci. Rep. 7:15989.
doi: 10.1038/s41598-017-16262-z
Balázs, Z., Tombácz, D., Szucs, A., Snyder, M., and Boldogkoi, Z. (2017b). Long-
read sequencing of the human cytomegalovirus transcriptome with the Pacific
Biosciences RSII platform. Sci. Data 4:170194. doi: 10.1038/sdata.2017b.194
Chambers, J., Angulo, A., Amaratunga, D., Guo, H., Jiang, Y., Wan, J. S., et al.
(1999). DNA microarrays of the complex human cytomegalovirus genome:
profiling kinetic class with drug sensitivity of viral gene expression. J. Virol. 73,
5757–5766.
Delseny, M., Han, B., and Hsing, Y. I. (2010).High throughput DNA
sequencing: the new sequencing revolution.Plant Sci. 179, 407–422.
doi: 10.1016/j.plantsci.2010.07.019
Ebrahimi, B., Dutia, B. M., Roberts, K. L., Garcia-Ramirez, J. J., Dickinson, P.,
Stewart, J. P., et al. (2003). Transcriptome profile of murine gammaherpesvirus-
68 lytic infection. J. Gen. Virol. 84, 99–109. doi: 10.1099/vir.0.1
8639-0
Kennedy, P. G. (2002). Varicella-zoster virus latency in human ganglia. Rev. Med.
Virol. 12, 327–334. doi: 10.1002/rmv.362
Maresova, L., Pasieka, T. J., Homan, E., Gerday, E., and Grose, C. (2005).
Incorporation of three endocytosed varicella-zoster virus glycoproteins,
gE, gH, and gB, into the virion envelope.J. Virol. 79, 997–1007.
doi: 10.1128/JVI.79.2.997-1007.2005
Moldován, N., Tombácz, D., Szucs, A., Csabai, Z., Snyder, M., and
Boldogkoi, Z. (2018). Multi-platform sequencing approach reveals a
novel transcriptome profile in pseudorabies virus. Front. Microbiol. 8:2708.
doi: 10.3389/FMICB.2017.02708
O’Grady, T., Wang, X., Höner zu Bentrup, K., Baddoo, M., Concha, M., and
Flemington, E. K. (2016). Global transcript structure resolution of high gene
density genomes through multi-platform data integration. Nucleic Acids Res..
44, e145–e145. doi:10.1093/nar/gkw629
Oláh, P., Tombácz, D., Póka, N., Csabai, Z., Prazsák, I., and Boldogkoi,
Z. (2015). Characterization of pseudorabies virus transcriptome by
Illumina sequencing. BMC Microbiol. 15:130. doi: 10.1186/s12866-015-0
470-0
Frontiers in Genetics | www.frontiersin.org 4 October 2018 | Volume 9 | Article 460
Tombácz et al. Transcriptome of Varicella Zoster Virus
Reichelt, M., Brady, J., and Arvin, A. M. (2009). The replication cycle of varicella-
zoster virus: analysis of the kinetics of viral protein expression, genome
synthesis, and virion assembly at the single-cell level. J. Virol. 83, 3904–3918.
doi: 10.1128/JVI.02137-08
Tombácz, D., Csabai, Z., Oláh, P., Balázs, Z., Likó, I., Zsigmond, L.,
et al. (2016). Full-length isoform sequencing reveals novel transcripts and
substantial transcriptional overlaps in a herpesvirus. PLoS ONE 11:e0162868.
doi: 10.1371/journal.pone.0162868
Tombácz, D., Csabai, Z., Oláh, P., Havelda, Z., Sharon, D., Snyder, M., et al.
(2015). Characterization of novel transcripts in pseudorabies virus. Viruses 7,
2727–2744. doi: 10.3390/v7052727
Tombácz, D., Csabai, Z., Szucs, A., Balázs, Z., Moldován, N., Sharon,
D., et al. (2017). Long-read isoform sequencing reveals a hidden
complexity of the transcriptional landscape of herpes simplex
virus type 1. Front. Microbiol. 8:1079. doi: 10.3389/fmicb.2017.
01079
Tombácz, D., Sharon, D., Szucs, A., Moldován, N., Snyder, M., and Boldogoi,
Z. (2018). Transcriptome-wide survey of pseudorabies virus using
next- and third-generation sequencing platforms. Sci. Data 5:180119.
doi: 10.1038/sdata.2018.119
Tyler, S. D., Peters, G. A., Grose, C., Severini, A., Gray, M. J., Upton,
C., et al.,(2007). Genomic cartography of varicella-zoster virus: a
complete genome-based analysis of strain variability with implications
for attenuation and phenotypic differences. Virology 359, 447–458.
doi: 10.1016/j.virol.2006.09.037
Wu, T. D., andWatanabe, C. K. (2005). GMAP: a genomic mapping and alignment
program for mRNA and EST sequences. Bioinformatics21, 1859–1875.
doi: 10.1093/bioinformatics/bti310
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Tombácz, Prazsák, Moldován, Szűcs and Boldogkői. This is an
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Abstract
Background: Varicella zoster virus (VZV) is a human pathogenic alphaherpesvirus harboring a relatively large DNA
molecule. The VZV transcriptome has already been analyzed by microarray and short-read sequencing analyses.
However, both approaches have substantial limitations when used for structural characterization of transcript
isoforms, even if supplemented with primer extension or other techniques. Among others, they are inefficient in
distinguishing between embedded RNA molecules, transcript isoforms, including splice and length variants, as well
as between alternative polycistronic transcripts. It has been demonstrated in several studies that long-read
sequencing is able to circumvent these problems.
Results: In this work, we report the analysis of the VZV lytic transcriptome using the Oxford Nanopore
Technologies sequencing platform. These investigations have led to the identification of 114 novel transcripts,
including mRNAs, non-coding RNAs, polycistronic RNAs and complex transcripts, as well as 10 novel spliced
transcripts and 25 novel transcription start site isoforms and transcription end site isoforms. A novel class of
transcripts, the nroRNAs are described in this study. These transcripts are encoded by the genomic region located
in close vicinity to the viral replication origin. We also show that the ORF63 exhibits a complex structural variation
encompassing the splice sites of VZV latency transcripts. Additionally, we have detected RNA editing in a novel
non-coding RNA molecule.
Conclusions: Our investigations disclosed a composite transcriptomic architecture of VZV, including the discovery
of novel RNA molecules and transcript isoforms, as well as a complex meshwork of transcriptional read-throughs
and overlaps. The results represent a substantial advance in the annotation of the VZV transcriptome and in
understanding the molecular biology of the herpesviruses in general.
Keywords: Herpesvirus, Varicella zoster virus, Transcriptome, Oxford Nanopore Technologies, Long-read sequencing,
RNA editing, nroRNA
Background
Varicella zoster virus (VZV) is one of the nine herpesvi-
ruses that infect humans. It is the etiological agent of
chickenpox (varicella) caused by primary infection and
shingles (zoster) due to reactivation from latency, which
is established in the spinal and trigeminal ganglia [1].
VZV belongs to the Varicellovirus genus of the
subfamily Alphaherpesvirinae, and is closely related to
the pseudorabies virus (PRV) a veterinary Varicellovirus
and to the herpes simplex virus type-1 (HSV-1) belong-
ing to the Simplexvirus genus of alphaherpesviruses.
The investigation of the VZV pathomechanism is not
easy due to its highly cell-associated nature and the
lack of animal models, except the SCID mouse model
[2, 3]. The VZV virion is ~ 80–120 nm in diameter and
is composed of an icosahedral nucleocapsid surrounded
by a tegument layer [4]. The outer virion component is
an envelope derived from the host cell membrane with
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incorporated viral glycoproteins [5]. The VZV genome
is composed of a ~ 125-kbp double-stranded DNA mol-
ecule containing at least 70 annotated open reading
frames (ORFs). The viral DNA consists of two unique
genomic regions (UL and US), and a pair of inverted re-
peats (IRs) surrounding the US region. Three genes
(ORF62, ORF63 and ORF64) located at the IR regions
are therefore in duplicate [6, 7]. VZV encodes six genes
(ORFs S/L, 1, 2, 13, 32, and 57), which are not present
in HSV [8]. It has been long held that VZV does not
express the RNA molecule homologues to the HSV
latency-associated transcripts (LAT), however, a recent
study reported the identification of VZV latency-associ-
ated transcript (VLT) overlapping the ORF61 gene [9].
It has also been thought that VZV lacks the α-TIF pro-
tein encoded by the HSV’s vp16 gene that activates the
transcription of immediate-early (IE) genes during the
initial events of the virus life cycle [10]. VZV ORF10
together with ORF4, 62 and 63 are transcriptional
transactivators that are all present in the virus tegu-
ment [11, 12]. ORF10 is supposed to substitute the
function of VP16 in the transactivation of ORF62
(homologue of HSV ICP4), but unlike VP16, it is unable
to control the expression of ORF4, ORF63, and ORF61
[13, 14].
The viral replication is primarily controlled by the
regulation of transcription, which is carried out
through a sequential activation of viral genes. First,
the IE genes are expressed, which is followed by the
activation of the early (E) and then the late (L) kin-
etic classes of genes [15]. The IE protein ORF62 is
the major transactivator of the viral genes, which re-
cruits the general transcriptional apparatus of the
host cell and thereby controls the expression of other
viral genes [16, 17]. The VZV E genes encode the
proteins required for the DNA replication, while L
genes code for the structural elements of the virus.
Polycistronism represents an inbuilt characteristic of
the herpesvirus genome [18, 19]. However, the her-
pesvirus multigenic transcripts differ from the bacter-
ial polycistronic transcripts in that the downstream
genes on the viral RNA molecules are untranslated.
Exceptions to this rule were found in the Kaposi’s
sarcoma-associated herpesvirus [19, 20] and in HSV-1
[21]. The functional significance of this organization
of the herpesviral transcripts has not yet been ascer-
tained. Alternative splicing expands the RNA and pro-
tein repertoire with respect of the one gene, one
RNA/protein situation. In contrast to the beta and
gammaherpesviruses, splicing events are rare among
the alphaherpesviruses [22, 23]. In VZV only a few
genes have been shown to produce spliced mRNAs so
far, which include the ORF0 (also referred as ORFS/
L) located at the termini of UL region, the UL15
homologue ORF42/45, ORF50 the glycoprotein M
(gM), and the newly discovered, multiple spliced VLT
[6, 9, 23–26].
RNA editing includes the adenosine deaminase acting
on RNA1 (ADAR1) enzyme that catalyzes the C-6 de-
amination of adenine (A) to inosine (I). The I is recog-
nized as guanine (G) by the reverse transcriptase (RT)
enzyme [27], therefore it can be detected with cDNA se-
quencing methods. In hyper-edited sites the ADAR1
transforms multiple adjacent As on an RNA strand. A
G-enriched neighborhood has been described at the
RNA editing sites [28] with an upstream uracil (U)
exerting a stabilizing effect on the RNA-ADAR complex
[29]. Additionally, RNA hyper-editing has been shown to
play a crucial role in the viral life cycle by dodging the
host’s immune system [30] and also in the control of
DNA replication [31].
The translation of eukaryotic mRNAs occurs accord-
ing to the scanning model, where the 40S ribosomal sub-
units scans the RNA strand in 5′ to 3′ direction and
initiates the translation at the first AUG they encounter
[32]. Mammalian mRNAs contain an essential sequence
context for translation initiation, known as the Kozak
consensus sequence [33]. A purine at − 3 and G at + 4
position has the strongest binding effect for the transla-
tional machinery, while AUGs with a different context
tend to be overlooked by the ribosomal subunits (leaky
scanning) [34]. Upstream ORFs in the 5′-untranslated
regions (UTRs) of the RNAs have been shown to exert a
regulatory effect on the protein synthesis through a
process called translation reinitiation [32, 35]. In short
upstream (u)ORFs translation reinitiation shows a posi-
tive correlation with distance between stop codon of
uORF and the AUG of downstream ORF [36].
The hybridization-based microarray and the second-
generation short-read sequencing (SRS) techniques have
revolutionized genome and transcriptome research,
including herpesviruses [37–40]. However, both tech-
niques have limitations compared to long-read sequen-
cing (LRS), including Pacific Biosciences (PacBio) and
Oxford Nanopore Technologies (ONT) platforms.
Microarray and SRS techniques perform poorly in the
detection of multi-intronic transcripts, transcript length
variants, and polycistronic RNA molecules, as well as
transcriptional overlaps. Additionally, the LRS sequen-
cing platforms are capable of determining the transcript
ends with base-pair precision, without the need of any
supplementary method [41, 42].
Similar to other LRS techniques, ONT cDNA sequen-
cing is afflicted by sample degradation, resulting in false
transcriptional start sites (TSSs). This problem can be
mitigated by using cap selection. Another source of
non-specificity is the presence of nucleotide sequences
complementary to the MinION strand switching
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oligonucleotide, which can lead to either template
switching [43, 44] or false priming [45]. False priming
with the oligo(dT) primer can also occur at A-rich re-
gions of the transcripts. These errors contribute to
artifactual 3′-ends of the reads.
LRS techniques have already been used in genome and
transcriptome studies of viruses [46–49], including her-
pesviruses [18, 22, 23, 50–52]. These reports have re-
vealed a hidden transcriptome complexity, which
included the discovery of long RNA molecules and a
large variation of transcript isoforms. ONT and
PacBio-based studies have also detected a number of
embedded transcripts with in-frame truncated (t)ORFs
in several herpesviruses, such as PRV [18, 46], HSV-1
[53], and human cytomegalovirus (HCMV) [22]. Add-
itionally, a large extent of transcriptional read-through
and overlaps has also been uncovered by these studies
[18, 22, 23]. It has been proposed that the transcriptional
overlaps may be the result of a transcriptional interfer-
ence mechanism playing a role in genome-wide regula-
tion of gene expressions [54].
In this work, we used the ONT MinION sequen-
cing technique to investigate the structural aspects of
the polyadenylated VZV transcripts. We report
numerous novel transcripts, transcript isoforms, and
yet unknown splice events. This study also explores a
complex meshwork of transcriptional overlaps.
Additionally, we report and analyze a hyper-editing
event in a VZV transcript.
Methods
Cells and viral infection
Human primary embryonic lung fibroblast cell line
(MRC-5) was obtained from the American Type Cul-
ture Collection (ATCC) and grown in DMEM supple-
mented with antibiotic/antimycotic solution and 10%
fetal bovine serum (FBS) at 37 °C in a 5% CO2 atmos-
phere. The live attenuated OKA/Merck strain of vari-
cella zoster virus (VZV) was cultured at 37 °C in
MRC-5 cell line, the cells were harvested by trypsini-
zation, when the monolayers had displayed specific
cytopathic changes. For subsequent propagation of
the virus, infected cells were used to inoculate
MRC-5 cultures previously grown to full confluence
at a ratio of 1:10 infected to uninfected cells. The
cultures were then incubated at 37 °C for 5 days,
when the cytopathic effect was near 100%.
RNA purification
Total RNA was isolated immediately after collecting the
infected cells, using the Nucleospin RNA Kit (Macher-
ey-Nagel) according to the manufacturer’s instruction.
Briefly, infected cells were collected by centrifugation
and the cell membrane was disrupted using the lysis
buffer provided in the kit. Genomic DNA was digested
with the RNase-free rDNase solution (supplied with the
kit). Samples were eluted in a total volume of 50 μl
nuclease-free water. To eliminate residual DNA contam-
ination a subsequent treatment with the TURBO
DNA-free Kit (Thermo Fisher Scientific) was conducted.
The RNA concentration was measured with a Qubit 2.0
Fluorometer, with the Qubit RNA BR Assay Kit
(Thermo Fisher Scientific).
Poly(a) selection
Thirty-five μg of total RNA was pipetted in separate
DNA LoBind Eppendorf tubes (Merck). The poly(A)+
RNA fraction was isolated from the samples using the
Oligotex mRNA Mini Kit (Qiagen). RNA samples were
stored at − 80 °C until use.
Oxford Nanopore MinION cDNA sequencing and
barcoding
The cDNA library was prepared using the Ligation Sequen-
cing kit (SQK-LSK108; Oxford Nanopore Technologies) ac-
cording to the modified 1D strand switching cDNA by
ligation protocol. In short, the polyA(+) RNA fraction was
reverse transcribed using an oligo(d)T-containing primer
[(VN)T20 (Bio Basic, Canada)]. The RT reaction was car-
ried out as recommended by the 1D protocol, using Super-
Script IV enzyme (Life Technologies); a strand-switching
oligo [containing three O-methyl-guanine RNA bases
(PCR_Sw_mod_3G; Bio Basic, Canada)] was added to the
sample. The cDNA was amplified by using KAPA HiFi
DNA Polymerase (Kapa Biosystems) and Ligation Sequen-
cing Kit Primer Mix (part of the 1D Kit) following the
ONT 1D Kit’s manual. End repair was carried out on the
samples using NEBNext End repair / dA-tailing Module
(New England Biolabs), which was followed by “barcoding”:
the C11 barcode (ONT PCR Barcoding Kit 96; EXP-
PBC096) was ligated to the sample according to the 1D
PCR barcoding (96) genomic DNA (SQK-LSK108) proto-
col, Barcode Adapter ligation step. The barcoded- sample
was amplified by PCR using KAPA HiFi DNA Polymerase,
as well as the C11 PCR barcode according to the 1D PCR
barcoding protocol. The PCR product was end-repaired,
then it was followed by adapter ligation using the sequen-
cing adapters supplied in the kit and NEB Blunt/TA Ligase
Master Mix (New England Biolabs). The cDNA sample was
purified between each step using Agencourt AMPure XP
magnetic beads (Beckman Coulter). The concentration of
cDNA library was determined using a Qubit 2.0
Fluorometer through use of the Qubit (ds)DNA HS Assay
Kit (Thermo Fisher Scientific). Samples were loaded on
R9.4 SpotON Flow Cells, while the base calling was per-
formed using Albacore v2.1.10.
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Cap selection, cDNA synthesis and sequencing
For the precise determination of TSSs, the ONT’s 1D
strand switching cDNA by ligation protocol was com-
bined with a 5′-cap specific protocol. The cDNA sample
was prepared from total RNA using the TeloPrime
Full-Length cDNA Amplification Kit (Lexogen). Reverse
transcription (RT) reaction was performed at 46 °C for
50 min according to the kit’s recommendations by using
an oligo(d)T-containing primer (5′ - > 3′: TCTC
AGGCGTTTTTTTTTTTTTTTTTT). The RT product
was purified by using spin column-based method (silica
columns are from the Lexogen kit). A double-strand spe-
cific ligase enzyme (Lexogen Kit) was used to ligate an
adapter to the 5’C of the cap of the RNA. The reaction was
carried out at 25 °C, overnight. The sample was washed by
applying the silica-column method. The Second-Strand
Mix and the Enzyme Mix (both from the TeloPrime Kit) as
well as a Verity Thermal Cycler (Applied Biosystems) were
used to produce double-stranded cDNAs according to the
Kit’s guide. In order to generate sufficient amount of
cDNAs for MinION library preparation, samples were
amplified by endpoint PCR following the TeloPrime Kit’s
manual. The generation of the sequencing-ready library
from this sample is based on the 1D strand switching
cDNA by ligation protocol from ONT. The Ligation Se-
quencing kit (SQK-LSK108, ONT) and NEBNext End re-
pair / dA-tailing Module (New England Biolabs) was used
to repair the cDNA ends. This step was followed by the 1D
adapter ligation, which was carried out according to the 1D
protocol, using the NEB Blunt/TA Ligase Master Mix (New
England Biolabs). We used barcoding for the better in silico
identification of the transcripts’ ends. We found this
method useful because it helped the base-pair precision
mapping of TSSs. The library was sequenced on an ONT
R9.4 SpotON Flow Cells.
Targeted sequencing of putative ONT transcripts
Validation of the TSSs of three ‘near the transcription ori-
gin’ (NTO) transcripts, and the spliced isoforms of the re-
gion was carried out using targeted long-read sequencing.
The cDNA library was prepared using the ONT 1D proto-
col, as described in the ‘Oxford Nanopore MinION cDNA
sequencing and barcoding’ section, with the following mod-
ifications: we used ribodepletion instead of poly(A) selec-
tion, and target-specific primers (Integrated DNA
Technologies) were applied instead of oligo(dT)-priming
for the cDNA preparation. The target-specific primers used
in this study are listed in Table 1.
Data analysis and alignment
Reads resulting from ONT sequencing were aligned to
the reference genome of VZV (GeneBank accession:
NC_001348.1) and the host cell genome (Homo sapiens
- GRCh37, BioProject number: PRJNA31257) using
GMAP v2017-04-24 with the default settings [55]. In
order to annotate the 5′ ends of the transcripts, we used
our custom script (https://github.com/zsolt-balazs/LoR-
TIA). In short: the last 16 nt of the MinION 5′ strand
switching adapter or the last 16 nt of the cap selection
adapter was aligned in a window of -10 nt and + 30 nt
from the first mapped position of a read using the
Smith-Waterman algorithm with a match cost of + 2 or
− 3, a gap opening cost of − 3, and a gap extension cost
of − 2. Read ends with a score below 14 were considered
false 5′ ends and were discarded. A 5′-end position was
considered a TSS if the number of reads starting at this
position was significantly higher than at other nucleo-
tides in the region surrounding this start position. For
this the Poisson-probability (Poisson [k0;λ]) of k0 read
starting at a given nucleotide in the -50 nt to + 50 nt





101 . The 5′-ends of the rare long reads
were inspected individually using the Integrative Gen-
ome Viewer (IGV) [56]. Poly(A) tails were defined
using the same algorithm and parameters, by mapping
15 nt of homopolymer As or Ts to the soft-clipped
region on the read’s end. Read ends with a score
below 14 or with more than 5 As/Ts directly up-
stream their positions were considered artefacts of
false priming, and were discarded. Transcription end
sites (TESs) were defined using the same criteria for
the Poisson-probability as in case of TSSs. The com-
putational pipeline is outlined in Additional file 1.
Reads passing both criteria and present in more than
three copies were considered as “certain transcript iso-
forms”. Those with less than three copies or the longest
unique reads with questionable 5′ ends were considered
“uncertain transcript isoforms”. Reads with sequencing
adapters or poly(A) tails on their both ends were dis-
carded, except for complex transcripts, which were indi-
vidually inspected using IGV. Reads with a larger than
10 nt difference in their 5′ or 3′ ends were considered
novel length isoforms (L: longer 5’ UTR, S: shorter 5’








The primers are composed of a sequence complementary to the MinION cDNA
adapter and a target-specific sequence (in italics)
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UTR, AT: alternative 3′ termination). Short length iso-
forms harboring a truncated version of the known open
reading frame (ORF) were considered novel putative
protein coding transcripts, and designated as ‘.5′. If mul-
tiple putative protein coding transcripts were present,
then the one with the longest 5’ UTR was designated ‘.5′
and its shorter versions were labelled in an ascending
order. Transcripts with TESs located within the ORFs of
genes (therefore lacking STOP codons) or with TSSs
within the coding regions without in-frame ORFs were
both considered non-coding transcripts.
Multigenic transcripts containing at least two genes
standing in opposite were named complex transcripts.
If a TSS was not obvious at these transcripts, we
assumed that they start at the closest upstream
annotated TSSs. Splice junctions were accepted if the
intron boundary consensus sequences (GT and AG)
were present in at least ten sequencing reads and if
the frequency of introns was more than 1% at the
given region. The relative abundance of the transcript
isoforms was calculated by dividing the number of
reads with the total number of reads of the dataset;
both resulting from the computational pipeline de-
scribed before. A ± 10 nt-variation was allowed at both
the TSS and TES of sequencing read for considering
them as certain transcript isoforms. To assess the
homology of protein products possibly translated from
the ORFs of novel transcript isoforms we used the
online BLASTP suite [57], with an expected threshold
of 10.
To evaluate the effect of hyper-editing on the second-
ary structure of RNAs, we used the ‘RNAstructure Soft-
ware’ suite [58] with the following parameters:
temperature = 310,15 K, Max % Energy Difference = 10,
Max Number of Structures = 20, Window Size = 0. To
simulate the presence of inosine, we changed the edited
adenines to guanine. To assess the secondary structure
of the NTO3-ORF62 dsRNA hybrid we used the first
467 bases of the ORF62 labeled ORF62–5′ (from gen-
omic position 109,204 to 108,738) as one of our starting
sequences, and the whole sequence of NTO3 as the
other one. Reads were visualized using the Geneious
[59] software suite and IGV. GC-, CCAAT- and
TATA-boxes were annotated using the Smith-Waterman
algorithm for canonical motifs [60].
Results
Analysis of the VZV transcriptome with third-generation
sequencing
In this work, the ONT MinION RNA-Seq technique
was used for profiling the genome-wide expression of
the lytic VZV transcripts (Fig. 1). Both cap-selected and
non-cap-selected protocols were applied for the analyses
of the whole transcriptome. Additionally, targeted se-
quencing was used with the non-cap-selected protocol
for validating the TSS and splice junctions of the NTO
transcripts. Sequencing of the non-cap-selected non-tar-
geted sample yielded 619,687 reads of which 66,455
mapped to the VZV reference genome (GeneBank
Accession: NC_001348.1) with an average mapped read
length of 1349 bp, and an average coverage of 625, while
553,232 reads mapped to the host cell genome (Homo
sapiens - GRCh37, BioProject number: PRJNA31257).
Targeted sequencing yielded 1,792,059 reads of which
328,112 mapped to the VZV genome, with an average
mapped read length of 651 bp, and an average coverage
of 1710, and 1,463,947 reads mapped to the host cell
genome. The 2.41% of the targeted reads mapping to the
VZV genome included the target-specific primers and
mapped to the correct position, whereas, 24.112% of the
reads included the primer but mapped off-target, while
for 73.477% the target-specific primer was missing.
These latter two categories could be a result of nonspe-
cific priming or template switching.
Sequencing of the cap-selected samples yielded 6,918,054
reads, of which 614,192 mapped to the viral genome, with
an average coverage of 1200, and 6,303,862 reads mapping
to the host cell. This latter technique performed poorly in
VZV, which was indicated by the short average aligned read
length (294 bp) (Fig. 2 panel a). Intriguingly, we obtained
the same poor result with other herpesviruses, including
PRV [23] HSV-1 (our unpublished results), however, the
cap-selection technique performed very well in the baculo-
virus Autographa californica multiple nucleopolyhedrosis
virus (AcMNPV), and vaccinia virus (our unpublished re-
sults). These results together with an analysis of the nucleo-
tide distribution at the vicinity of the 5′-ends in the
cap-selected datasets (Fig. 2 panel b) demonstrate that the
read length of cap-selected RNA-s is not determined by the
GC-content (PRV: 73%, HSV-1: 68%, VZV: 46%), but by a
yet unknown factor.
In total, we detected 1124 5′-ends and 255 3′-ends in
the non-cap-selected dataset, and 1428 5′-ends and 279
3′-ends in the cap-selected dataset (Additional file 2:
Table S1-S4). The number of 5′-ends qualifying as a pu-
tative TSS was 10.86% of the total 5′-end positions,
while 32.95% of the total 3′-end positions turned out as
TES (Table 2). We excluded 49 5′-ends and 16 3′-ends
from the non-cap-selected and 21 5′-ends and 16
3′-ends from the cap-selected datasets because they
proved to be the products of false priming.
Earlier results with primer extension, S1 nuclease
assay and Illumina sequencing determined the transcript
ends of some of the RNA molecules of VZV. Using the
ONT sequencing platform, we confirmed 18 previously
known TSSs and nine TESs. Additionally, we annotated
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124 new putative TSSs and 71 TESs listed in Additional
file 2: Table S5. The sequences upstream of the TSSs
and TESs were analyzed in silico to detect putative GC-,
CCAAT- and TATA-box motifs, and Poly(A) signals
(PASs), by motif searching (Table 3).
Twenty-two and five transcript isoforms were identi-
fied with the non-cap-selected, and cap-selected dataset,
respectively with a relative abundance higher than 1%
(Additional file 2: Table S5).
In this work, we detected an enrichment of As and
Us in an interval of up to − 10 nt upstream of the pu-
tative TES, and an abundant GT-rich region down-
stream in the + 10 nt interval (Fig. 3.). We annotated
altogether 240 novel transcripts of which 143 were
Fig. 1 The VZV transcriptome. The transcriptome of the varicella zoster virus was analyzed using long-read cDNA sequencing. The reads were
annotated using our custom script (https://github.com/zsolt-balazs/LoRTIA). Transcriptional start sites and transcriptional end sites of the
annotated transcripts are the 5′ and 3′-ends with significantly higher abundance than any other read end in their ±50 vicinity, according to
Poisson-probability, and those that are not a result of strand switching or false priming
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confirmed by at least three reads, additionally, we
mapped the TSS and TES of 37 previously detected
transcripts lacking former mapping of RNA end posi-
tions (Additional file 2: Table S5-S6).
Putative mRNAs
Transcripts embedded into larger RNA molecules are
easily detected by the LRS techniques. If such a tran-
script contains an in-frame ORF shorter [truncated
(t)ORF] than that of the host ORF, it can be considered
as a putative mRNA potentially coding for an
N-terminally abridged polypeptide. Earlier in silico
approaches have annotated the VZV ORFs [6, 7] one of
which (the orf33.5) is a tORF. In this study, we report
the identification of 25 embedded viral transcripts
containing tORFs. We could identify promoters for 10
of these transcripts, located at a mean distance of
93.85 ± 32.18 nt (mean ± SD) from their TSSs
(Additional file 2: Table S7). Three of these transcripts
(ORF13.5, ORF54.5–53 and ORF62.3) contain strong
Kozak consensus sequences near their AUGs, while 19
have at least one of the two essential nucleotides present
on their − 3 or + 4 positions. Eighteen of the possibly
protein coding VZV transcripts contain a PAS at a
19.44 ± 8.91 (mean ± SD) distance upstream their TESs
(Additional file 2: Table S7).
Determination of the ends of mRNAs with annotated
ORFs
In this work, we determined the TSSs and TESs of 25
mRNAs whose ORFs had earlier been described (Fig. 1,
Additional file 2: Table S5). The TSS and TES of these
monocistronic mRNAs were not characterized before by
any other means. Twelve of these transcripts have a pro-
moter sequence 51.57 ± 33.31 (mean ± SD) upstream
Fig. 2 The read length distribution of cap-selected and non-cap-selected RNAs. a. The frequency of the reads of the cap-selected and non-cap-
selected sequencing binned by 200 nucleotides shows that the cap-selected reads are skewed towards shorter read lengths. b. The fraction of
each nucleotide in the vicinity of the 5′ ends of the cap-selected reads shows random distribution, suggesting that the short read lengths are not
caused by the presence of a specific nucleotide on the RNA but other, yet unknown reason
Table 2 The number of read ends following each step of
filtering
Non-cap-selected Cap-selected
Filter 5′ ends 3′ ends 5′ ends 3′ ends
None 1124 255 1428 279
Peak analysis and
Poisson probability
151 92 202 116
Template switching/false
priming
102 76 181 100
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their TSSs, and 19 have a canonical PAS upstream their
TESs at a mean distance of 14.96 ± 11.59 (mean ± SD).
Non-coding transcripts
The ncRNAs are transcripts without the ability to en-
code proteins. They can overlap the coding sequences of
the genes in the same orientation, or in the opposite
orientation [antisense (as)RNAs], or they can be located
at the intergenic regions. The 5′-truncated (TR) tran-
scripts have their own promoters but share the PASs
and TESs with the ‘host’ transcript, while the 3′-trun-
cated (NC) RNAs are controlled by the same promoters
as the canonical transcript in which they are embedded
but have no in-frame ORFs. Twenty-three of the novel
non-coding transcripts are long non-coding (lnc)RNAs
exceeding 200 bps in length per definition, while five of
them are small non-coding (snc)RNAs with a size below
200 bps.
In this work, we identified 18 embedded ncRNAs, of
which eight were 5′-truncated, while ten were 3′-truncated
transcripts (Additional file 2: Table S5). We also detected
one intergenic and seven antisense ncRNAs, all of them be-
ing controlled by their own promoters. In total, 17 of the
novel ncRNAs contain a canonical promoter sequence
60.4 ± 35.19 nt (mean ± SD) upstream their TSSs, while 21
have a PAS at a 16.35 ± 8.87 (mean ± SD) distance of their
TESs. ORF42–43-AS and ORF35-AS overlap multiple
mRNAs. ORF42–43-AS stands in antisense orientation with
respect of ORF42/ORF45-SP-1 and ORF42/ORF45-SP-2,
while in tail-to head orientation with ORF43 and ORF43–44.
ORF35-AS stands in antisense orientation with the polycis-
tronic transcript ORF35–34–33 and in tail-to-head orienta-
tion with ORF36 and ORF36-S and ORF36–37 (Fig. 1). The
LAT RNA has been described in every member of the alpha-
herpesvirus subfamily [61, 62], including VZV [9]. We con-
firmed the existence of four previously detected lytic
isoforms of VLT (VLTly) of which two are TSS isoforms, one
is a splice variant and one is both a TSS isoform and a splice
variant (Fig. 4).
5′- and 3’-UTR isoforms
The 5’-UTR isoforms (TSS variants) start upstream or
downstream of the TSS of the earlier annotated tran-
scripts, and their expression is regulated by their own
promoters, while 3’-UTR isoforms (TES variants) con-
tain distinct PAS and their polyadenylation occurs up-
stream or downstream of the TES of the main transcript.
In this report, we detected 18 novel 5’-UTR length vari-
ants, 7 being shorter and 11 being longer than the earlier
annotated transcript isoforms. We found canonical pro-
moter sequences in 10 of the 5’-UTR isoforms at a dis-
tance of 94.93 ± 38.58 (mean ± SD). Additionally, we
detected eight 3’-UTR length isoform, all with a canon-
ical PAS 22 ± 7.65 (mean ± SD) upstream their TESs. An
intriguing finding is the putative TSS at the genome pos-
ition + 4 belonging to the rare transcripts ORF0–1-L-C
and ORF0–1-2-L-C at the extreme termini of UL region
(TRL), which suggests the existence of a promoter
TES
Fig. 3 The frequency of nucleotides in the vicinity of transcriptional end sites (TES). The ±10 nt vicinity of N = 61 unique TESs was analyzed using
the online WebLogo v3.6.0 service. The Weblogo shows an enrichment of A and U bases upstream, while an enrichment of G and U bases
downstream of the TES. This pattern is akin with the sequence surroundings of mammalian TESs
Table 3 Putative promoter sequences and Poly(A) signals (PASs) of the VZV transcripts
Search range (nt) Nr. of motifs Nr. of transcripts Mean Distance SD
GC-box − 150 to 0 41 55 93.28 33
CCAAT-box −150 to −40 19 27 93.91 23
TATA-box −35 to −25 26 44 31.67 1,5
PAS −50 to 0 61 169 16.11 8.86
The search range position 0 is the position of the TSS in GC-, CCAAT- and TATA-boxes and is the position of the TES for PAS. The distance was calculated between the
position of the TSS/TES and the last nucleotide of the motif
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located on the other terminal repeat (TRS) of the gen-
ome. This putative promoter is supposed to be active in
the circular genome.
Splice sites and splice isoforms
Reverse transcription can produce false introns between
repetitive sequences of the template RNA due to the
phenomenon of template switching. In order to exclude
these artefacts, we removed sequencing reads with low
abundance (≤ 1%) and with a repeat of more than six
nucleotides next to one of the splice junctions. From the
initial set of 10,064 unique splice acceptor and donor
site candidates 24 matched our criteria resulting in a
total of 16 splice isoforms being above the 1% intron
depth level of acceptance.
We detected two novel splice variants encoded by the
ORF42/45 gene. Furthermore, we identified twelve novel
splice sites and confirmed the existence of nine previously
described spliced transcripts, all with a consensus GT at
the splice donor site and AG at the splice acceptor site.
ORF63, homologue to the HSV-1 and the PRV us1
gene, is one of the main regulator of VZV transcription.
In this work, we discovered ten novel splice variants of
ORF63. Similarly to the HSV-1 US1 mRNA, NTO1v1
and the NTO1v3 harbors one intron in its 5’ UTR, while
the NTO1v4 is spliced twice just as the PRV US1 mRNA
[50, 53] (Fig. 5). Ten splice junctions of ORF63 splice
variants coincide with those of the VLTly splice variants
[9], thus they were labeled as VLT-ORF63-C (Fig. 6).
These were confirmed using targeted sequencing. It is
noted that one of the splice donor sites, present in both
NTO1v1 and NTO1v2 is GC, which differ from the ca-
nonical splice donor sequence.
We detected all of the three ORF50 splice isoforms
previously described [24], but ORF50C occurs in
relatively low abundance, below our acceptance thresh-
old. We detected another splice variant in low abun-
dance in the ORF50 cluster, and named it ORF50D
(Table 4).
In four isoforms, splicing affects the sizes of the ORFs,
all producing hypothetical proteins truncated near the
N-terminal. Roviš and colleagues [63] have identified the
majority of VZV proteins using monoclonal antibodies.
In some cases, lower-size bands appeared in their West-
ern blots, which they explained to be the result of puta-
tive post-translational modification, or proteolytic
cleavage. We propose splicing as possible option for
these nonspecific protein isoforms, listed in Table 5.
Near-replication-origin (nro)RNAs – A novel class of
transcripts
In our earlier work, we reported [64] that PRV expresses
transcripts located near the replication origins (Oris):
the CTO family (including CTO-S, CTO-S-AT, CTO-M
and CTO-L) at the OriL and the PTOs (PTO and
PTO-US1) [18] at the OriS. Expression of nroRNAs has
also been described in HSV-1 (OriS-RNA: [65]) and
HCMV (OriLyt: [66]; RNA4.9: [67]). The VZV genome
contains exclusively OriS, and lacks the replication ori-
gin at the UL segment. We identified nine nroRNAs
starting in the proximity of VZV OriS. The NTO1v1,
NTO1v3 and NTO1v5 are the spliced long TSS variants
of ORF63 while the NTO1v2, NTO1v4 and NTO1v6 are
the spliced long TSS variant of ORF64 (Fig. 5 panel a).
NTO2 starts at the same TSS as NTO1v1 but terminates
30 bp downstream of its splice donor site. The 5′ end of
the reads of NTO3 and NTO4 are positioned down-
stream of NTO2. These transcripts were present in our
cap-selected but not in the non-cap-selected sample pre-
sumably because of their low abundance. In order to
Fig. 4 The genomic region of VLT. The transcriptome of the varicella zoster virus was sequenced using long-read cDNA sequencing. Reads of the
VLTly transcript isoforms were visualized using IGV. Because of their low abundance, their 5′ ends are feathered on the annotation, resembling
uncertain TSSs
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augment the detection of these transcripts, we used
target-specific primers (Fig. 5 panel a.) for sequencing li-
brary preparation, followed by MinION cDNA sequen-
cing. The starting positions detected in the cap-selected
sample were not confirmed by the targeted sequencing
of these transcripts, thus we hypothesize that NTO3 and
NTO4 starts at the closest upstream confirmed TSS,
that of NTO1v1. The arrangement of the NTO tran-
scripts is similar to that observed in PRV, where the TSS
of the PTO-US1 (positionally similar to the NTO1v1) is
located at the same genetic locus as PTO (locationally
similar to the NTO2, NTO3 and NTO4, but not hom-
ologous) (Fig. 5 panels a and c). Our in silico analysis re-
vealed that the poly(A) cleavage site of NTO2 is located
within a canonical CA element, with a GU-rich region
starting 13 nt downstream from the TES. The NTO3 has
a CTTAAA poly(A) signal [68] starting 20 nt upstream
from its TES, with a cleavage site in a homopolymer C
run and with a consensus GU-rich region starting 25 nt
downstream from the TES. The NTO4 has an ATATAA
poly(A) signal [69] starting 24 nt upstream the TES, the
cleavage site being marked by a consensus CA signal,
followed by a GU-rich region 33 nt downstream. No en-
richment of adenines was observed in the genomic re-
gion of the TES-s in any of the three NTO transcripts,
which would be the source of strand switching or false
priming. Based on these results, we can distinguish four
types of nroRNAs: (1) ncRNAs that do not overlap the
Ori (such as CTO-S, CTO-S-AT, PTO, as well as NTO2,
NTO3 and NTO4); (2) ncRNAs that do overlap the Ori
(such as CTO-M), (3) mRNA isoforms with very long al-
ternative TES (such as CTO-L and CTO-L2); and (4)
mRNA isoforms with very long TSS variant [such as
PTO-US1, US1-L (PRV), OriS-RNA2 (HSV-1), and the
now discovered NTO1 isoforms] (Fig. 6).
Polycistronic and complex transcripts
A major issue of SRS, as wells as microarray and quantita-
tive PCR approaches is that they have severe limitations in
distinguishing between mono- and polycistronic tran-
scripts. In contrast, LRS sequencing is suitable for making
this distinction, and it is particularly superior in the
Fig. 5 Structurally similar regions of three alphaherpesvirus transcripts neighboring OriS. The ORF63 of VZV, similarly to the HSV-1 US1 has a two-
exon-containing splice isoform, while akin with PRV’s US1 the three-exon-containing splice isoforms. Both VZV and PRV express non-overlapping
non-coding RNAs in the proximity of OriS. The target-specific primers used to confirm the TSSs of VZV’s NTO2, NTO3, NTO4 are shown as
green arrows
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detection of low abundance multi-genic transcripts. In this
work, we identified 33 novel multigenic RNAs, including
29 polycistronic and 4 complex transcripts. Complex tran-
scripts are multigenic RNAs that contain one or more
genes in opposite orientations. Antisense sequences on
the complex transcripts are unable to encode proteins.
We also detected ten complex transcripts in low abun-
dance in the region of VLT, seven of which are
co-terminal with ORF63 and three with ORF64. These
transcripts overlap with several oppositely oriented coding
sequences and are spliced in a similar manner as the VLTly
isoforms (Fig. 7). In silico analysis detected an in-frame
ORF incorporating the coding sequence of ORF63 (it has
an upstream AUG). This results in VLTly-ORF63-C1,
VLTly-ORF63-C4, VLTly-ORF63-C5, VLTly-ORF63-C6 and
VLTly-ORF63–64-C1 encoding hypothetical proteins
whose N-terminal is longer with 88 amino acids (aa) than
the one encoded by the orf63 gene, while the VLTly-
ORF63-C2; VLTly-ORF63-C3 and the VLTly-ORF63–
64-C2 encoding hypothetical proteins with 179 aa longer
than those coded by orf63 (Fig. 7). The N-terminal over-
hangs of the putative proteins show no homology with
any other known proteins in online databases.
Transcriptional overlaps
Transcripts can overlap each other in parallel (tandem
or head-to-tail), convergent (tail-to-tail) or divergent
(head-to-head) manner (Fig. 8). RNAs identified and
Fig. 6 Types of near-replication-origin (nro)RNAs of three alphaherpesviruses. The nroRNAs can be classified in four distinct types according to
their position to the replication origin and coding capacity. Type 1 nroRNAs are non-coding RNAs that do not overlap the Ori. Type 2 nroRNAs
are ncRNAs that overlap the Ori. Type 3 nroRNAs are mRNAs with alternative TESs and long 3’UTRs and overlapping the Ori, while type 4
nroRNAs are mRNAs with alternative TSSs and long 5’UTRs overlapping the Ori
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annotated with a certain TSS and TES in this work form
a total of 481 overlaps, of which 15 are head-to-head,
450 are head-to-tail and 16 are tail-to-tail (Additional
file 2: Table S8). The overlaps can be full or partial. Full
overlaps can be formed between the RNA molecules
encoded by polycistronic transcription units (Fig. 8 panel
a.), between embedded and host mRNA molecules,
between mRNAs and 3′ as well as 5′ truncated tran-
scripts, between the TSS and TES isoforms, etc. Partial
overlaps can be formed between every transcript type.
An overlap is ‘hard’ if two genes can only produce over-
lapping transcripts, or ‘soft’ if both overlapping and
non-overlapping transcripts are formed. The soft overlap
can be the result of alternative promoter usage (TSS
Table 5 The proteins and hypothetical proteins produced by spliced transcripts
Transcript Host protein length (aa) Spliced protein length (aa) Intron position Splice donor Splice acceptor
ORF5–4-SP ORF4: 452 452 5’ UTR 4141 2783
ORF12–13-SP ORF12: 661 233 in frame, 5’truncated 16,214 17,088
ORF24-SP ORF24: 269 137 in frame 44,021 43,286
ORF42/45-SP-2 ORF42/45: 747 380 in frame, 5’truncated 82,593 78,969
ORF50D ORF50: 435 – – – –
NTO1v1 (ORF63-SP-1) ORF63: 278 278 5’ UTR 110,581 111,417
ORF63-SP-2-C ORF63: 278 278 5’ UTR 110,581 111,417
ORF67-SP 354 311 in frame, 5’truncated 114,496 115,559
Table 4 Splice junction sites of the VZV transcriptome
Intron Start Intron End Strand Intron Length Donor Site Acceptor Site Accepted as novel Intron depth Transcript name References
585 714 + 129 GT AG 45,62% ORF0–1-C-SP [25]
5004 4155 – 849 GT AG ✓ 2,90% ORF5–4-SP
16,712 16,886 + 174 GT AG ✓ 5,04% ORF12–13-SP
43,826 43,505 – 321 GT AG ✓ 4,11% ORF24-SP
43,950 43,863 – 87 GT AG ✓ 1,40% ORF24-SP-2
61,790 63,564 + 1774 GT AG ✓ 2,40% –
77,870 78,148 + 278 GT AG ✓ 11,29% ORF42–43-AS
78,938 78,039 – 899 GT AG ✓ 38,88% ORF42/ORF45-SP-2
81,537 78,039 – 3498 GT AG 100,00% ORF42/45-SP-1 [6]
81,537 79,053 – 2484 GT AG ✓ 12,72% ORF42/ORF45-SP-2
87,759 86,782 – 977 GT AG 4,15% ORF50B [24]
87,759 86,982 – 777 GT AG 2,33% ORF50A [24]
87,436 86,782 – 654 GT AG 0,62% ORF50C [24]
86,982 87,436 – 454 GT AG 0,33% ORF50D
101,728 102,420 + 692 GT AG 87,50% VLTly [9]
102,484 102,853 + 369 GT AG 100,00% VLTly [9]
102,983 103,827 + 844 GT AG 2,42% VLTly [9]
103,924 104,293 + 369 GT AG 3,99% VLTly [9]
104,433 104,768 + 335 GT AG 5,22% VLTly [9]
104,824 110,509 + 5685 GT AG ✓ 2,18% ORF63-SP2-C
108,830 110,509 + 1679 GC AG ✓ 11,12% NTO1v1 (ORF63-SP-1)
114,920 115,050 + 130 GT AG ✓ 1,04% ORF67-SP
121,067 119,388 – 1679 GC AG ✓ 10,65% NTO1v1 (ORF63-SP-1)
The splice junctions listed in this table passed our criteria of intron detection, with the exception of ORF50C, which is listed as a confirmation, and ORF50D, which is a
novel combination of previously known splice sites. Other rare splice variants below the 1% spliced read limit are listed in Additional file 2: Table S6. The TSS and TES
belonging to the transcript with splice sites in row 7 could not be determined with certainty
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isoforms) or transcriptional read-through (TES iso-
forms). An example for the latter case is the ORF17 and
ORF18, which produce non-overlapping transcripts, but
the TES isoform of ORF18 (ORF18-AT), with its add-
itional 89 bps in the 3’UTR, overlaps with ORF17 in a
tail-to-tail manner (Fig. 8 panel c.).
Upstream ORFs
Using in silico methods, we detected 44 potential
(u)ORFs on the 5’-UTRs of 81 VZV transcripts
(Additional file 2: Table S9). Five of the longer TSS vari-
ants contain uORFs, while their shorter isoform does
not. We have previously described this phenomenon in
HCMV [52] and PRV [23]. The average size of an uORF
was 54.9 ± 44.64 nt (mean ± SD, median = 35 nt), while
the average distance of the uORF stop codon from the
protein coding ORF’s AUG was 174.84 ± 143.58 nt
(mean ± SD, median = 110 nt). This space between the
two uORF and the canonical ORF is enough for a poten-
tial reinitiation event. We identified Kozak consensus se-
quences in five uORFs (Additional file 2: Table S9).
RNA editing
The sequencing reads of NTO3 transcript show a very
high frequency of A to G substitution, which is not
present in the overlapping reads of other transcripts. We
found that 58% of all substitutions are A- > G (Fig. 9 panel
a and b) in the reads of NTO3, which is significantly
higher than the 12.98% in the overlapping transcripts in
the same region (p < 0.0001, Fisher’s exact test) (Fig. 9
panel c), making 22.07% of all As of the transcript edited.
The targeted sequencing dataset revealed a similar A- > G
substitution pattern in the NTO3 overlapping reads as the
cap-selected data. This suggest a hyper-editing event in
NTO3. Using the MEME software suite [70] we could de-
tect a slight enrichment of the GU dinucleotide preceding
the editing site resulting in a GUAG motif (the editing site
is underlined) (Fig. 9 panel d).
Using the ‘RNAstructure’ software suite [58], we pre-
dicted the secondary structure with the lowest free energy
of the NTO3 ssRNA (Additional file 3 a and b) and of the
NTO3-ORF62–5’ dsRNA hybrid, using both the unedited
and edited forms of the asRNA (Additional file 3 c and d).
When forming an intramolecular secondary structure, the
unedited form has a higher free energy state than the edi-
ted form (− 143.2 kcal/mol compared to − 169.4 kcal/mol),
which suggests that hyper-editing confers thermodynamic
stability to the secondary structure of the RNA. Twelve of
the 17 Is may aid in the formation of stem structures,
while in the unedited RNA only four of the As in the same
position have a complementing nucleotide. Contrarily, the
secondary structure of the dsRNA formed by the edited
NTO3 and the ORF62 is slightly less stable than that
formed by the unedited form (− 818.7 kcal/mol compared
to − 822.9 kcal/mol), but allows the formation of identical
secondary structures.
Discussion
Until now, the VZV transcriptome have been analyzed
by Northern blot, primer extension, microarray and Illu-
mina sequencing [17, 71–78]. These techniques have
generated useful data, but they have limitations to pro-
vide a comprehensive list of the VZV transcripts. In this
work, we used the ONT MinION LRS technique for the
investigation of the poly(A) + fraction of the VZV tran-
scriptome. Our results increased the number of full
length transcripts in VZV by one order of magnitude.
We identified 108 novel transcripts, including novel
mRNA molecules, monocistronic transcripts, UTR iso-
forms, as well as multigenic transcripts. Novel splice
sites and splice variants were also detected. Additionally,
we discovered five sncRNAs and 21 lncRNAs and
Fig. 7 Splice isoforms of ORF63 and ORF64 with a similar splicing pattern as the VLTly. The ORF63 and ORF64 splice isoforms encompass two
spliced ORFs initialized by two upstream AUGs. The vlt-orf63–1 is translated to a hypothetical protein product 88 amino acid longer, while the vlt-
orf63–2 is translated to a hypothetical protein product 179 amino acid longer than those encoded by orf63
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Fig. 8 Types of overlaps between VZV transcripts. Reads were visualized using IGV. Blue arrow-rectangles represent transcript annotations. The
overlaps are framed in orange. a. Parallel overlaps of the ORF5–4-3 cluster. b. Divergent overlaps of the ORF8 and ORF9 and ORF9A-9 transcripts.
c. Convergent overlaps of the ORF17 and ORF18-AT transcripts
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annotated their TSSs and TESs with base pair precision.
The precise annotation of the viral transcriptome is essen-
tial for understanding the genetic regulation of VZV.
Different TSS isoforms can be regulated by alternative pro-
moters, like for the ul44 gene of HCMV, where two tran-
script isoforms initiate downstream of a canonical TATA
promoter and are expressed at early time points of the viral
infection, while the third promoter is non-canonical, and
the mRNA isoform starting downstream from it is tran-
scribed at a later phase [79]. Furthermore, alternative TESs
may influence RNA metabolism by allowing or forbidding
the binding of micro (mi)RNAs to the viral RNA [80] or by
facilitating or preventing deadenylation [81].
The enrichment of As and Us upstream of PASs in
mammalian systems is well-established [82–84]. These
homopolymer A stretches may also cause false priming
Fig. 9 A to I hyper-editing of NTO3. a. Reads of NTO3 and the overlapping transcripts mapping to the VZV genome visualized with IGV. The
orange dots represent G mismatches, indicating editing events. b. Substitution matrix of the NTO3 reads (n = 703 substitutions / 7749 nt, p <
0.0001, Fisher’s exact test). c. The position and frequency of A- > G substitutions on the genomic sequence corresponding to the NTO2 transcript,
showing both NTO3 and the overlapping transcripts. Substitutions with high frequencies indicate A to I editing events, while those with low
frequency are sequencing errors. d. The motif surrounding the editing sites. The motif was found using the MEME software suite with an E-value
of 0.58 and a log likelihood ratio of 46. The edited adenosine is marked with a *
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and template switching events during reverse transcrip-
tion, which results in false TESs. In our work, we ex-
cluded these artefacts by the use of our analysis pipeline,
and demonstrated the verity of the annotated TESs by
the presence of the canonical GU-rich region in the + 10
interval downstream of TESs [85].
Similar to other herpesviruses [22, 53], this study
also revealed a complex meshwork of transcriptional
read-throughs and overlaps. It has been known earlier
that the polycistronic transcription units include
co-terminal multigenic RNA molecules, which repre-
sent a large extent of parallel overlaps along the en-
tire viral genome. We can raise the question as to
whether the downstream sequences of multicistronic
transcripts have any other functions besides their pos-
sible coding potential, or if they are mere random
read-through products representing transcriptional
noise. We can address the same question for the con-
vergently and divergently overlapping RNA segments,
and also for the alternative transcriptional overlaps.
We have put forward a hypothesis that explains the
potential role of this phenomenon which is based on
transcriptional interaction between the RNA polymer-
ase molecules at the overlapping regions. Since essen-
tially every gene produces overlapping transcripts and
therefore the pairwise interactions can spread along
the genome thereby forming a transcriptional interfer-
ence network (TIN), which alongside the promoter-
transcription factor system determines the global gene
expression pattern of the viral DNA [54].
Understanding the factors influencing the expression
of orf63 is of particular interest as its transcript is trans-
lated predominantly during latent infections of human
ganglia [9, 86]. It has been previously shown that orf63
has no trans-regulatory effect on the expression of orf62,
which encodes the major immediate-early transactivator
protein of VZV [87]. Nevertheless, deletion of orf63 has
demonstrated that it is indispensable for VZV replica-
tion, and its product has a protein interaction site with
the translated orf62 [86]. Other experiments have shown
that deletion of orf63 increases the expression of orf62
[88], suggesting that there is a link between the
regulation of the two genes. A possible explanation may
be the transcriptional interference caused by the
head-to-head overlaps between ORF62 and the isoforms
of ORF63 (NTO1v1 and NTO1v2) in the late phase of
the viral life cycle.
Polycistronic (especially bicistronic) transcripts are
also common in eukaryotic organisms, but their
generation is explained by trans-splicing and not by
transcriptional read-through [89]. However, unprocessed
transcripts are difficult to detect because of their short
existence, therefore, it cannot be excluded that these
transcripts are the result of a transcription read-through
mechanism. The predominant occurrence of adjacent
genes in the chimeric transcripts suggests that transcrip-
tional read-through followed by cis-splicing may be the
case, that is, the existence of a large extent of transcrip-
tional read-throughs may be not restricted to the her-
pesviruses but they may represent a general
phenomenon. Furthermore, the antisense RNAs pro-
duced from their own promoters or by transcriptional
read-throughs may hybridize with their sense counter-
parts thereby initiating RNA interference [90]. Very long
complex transcripts form a distinct category among
multigenic transcripts because of their oppositely ori-
ented ORFs and increased size. Similarly to other her-
pesviruses [22, 53] they are present in very low
abundance in VZV, however their existence is ambigu-
ous, as they can be formed during reverse transcription
by template switching [91].
It has been previously thought that the OriS of VZV
lacks any overlapping transcripts [6]. Although Davison
and colleagues (1986) hypothesized the existence of
non-coding RNA in the intergenic region between orf62
and orf63 [6]. We detected several transcripts overlap-
ping OriS, and a small non-coding RNA (the NCO3) be-
tween the before-mentioned two genes. This region of
the viral transcriptome is structurally similar to the PRV
transcriptome. In the vicinity of OriS, we identified two
additional novel non-coding transcripts (NTO2 and
NTO4) and two 5′ elongated and spliced version of
ORF63. These nroRNAs are supposed to play a role in
the regulation of the viral replication [92] through the
interplay between the transcriptional and replication ap-
paratuses [54]. Specifically, the role of the transcription
of these RNA molecules might be to interfere with the
replication machinery, in order to force the replication
fork to an unidirectional progression [64]. Furthermore,
the intergenic region between orf62 and orf63 contains
binding sites for T cell proteins including heat shock fac-
tor 1 (HSF-1), nuclear factor 1 (NF-1), NF-κB/Rel, and
octamer binding proteins (Oct-1), as well as cyclic
AMP-responsive elements (CRE) [93]. The presence of
NTO and ORF63 isoforms overlapping this region could
interfere with the binding of these host cell proteins.
Herpesviruses can evade host cell interferon production
and T cell response by producing miRNAs derived from
lncRNAs, or antisense RNAs [94–96]. Short noncoding
RNAs have been recently documented in the orf61–
62-63 region of VZV [78]. The NTO and ORF63 iso-
forms detected in our study could be a possible source
of these sncRNAs.
We detected a hyper-editing process in the novel
NTO3 transcript. This phenomenon was previously ob-
served in members of the herpesvirus family including
alphaherpesviruses [97–99]. This process plays a crucial
role in the cell’s innate immunity [100], while it can be
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hijacked by some viruses to evade inactivation [30]. Add-
itionally, in hepatitis delta virus hyper-editing is indis-
pensable for replication [31]. A to I editing decreases the
affinity of the antisense transcript to the sense RNA, de-
stabilizing their interaction, which may affect the bind-
ing of dsRNA enzymes like RNase III homologues [101].
Our in-silico analysis shows that despite elevating the
level of free energy of the sense-antisense RNA hybrid,
hyper-editing does not result in a change of the second-
ary structure, but in the formation of I·U wobble pairs
which are significantly more resistant to possible Dicer
cleavage inhibiting RNA interference [102]. It is also
possible that I·U pairs play a role in the cleavage and
degradation of ORF62 by a process mediated by the
Tudor staphylococcal nuclease (Tudor-SN) [103, 104].
Further investigation is needed to elucidate the sig-
nificance of hyper-editing on the NTO3. An evalu-
ation of gene expression at different time points
could shed light on the presence of the asRNA and
on the amount of editing in different stages of the
viral life cycle. Additionally, miRNA assays of the
viral transcriptome in different time points of the in-
fection could prove the effect of the RNAi on the
dsRNA formed by the sense-antisense pair.
Splice events are thought to be rare in alphaherpes-
viruses, however, they appear to be underestimated in
the light of LRS techniques [105]. In this work, we
enriched the list of spliced transcripts of the lytic phase
of the viral infection, and we identified the novel combi-
nations of splice sites in ORF42/45. The scarcity of the
novel splice isoforms implies further validation, using
techniques capable of detecting rare transcripts like tar-
geted direct RNA sequencing.
At least six VZV-transcripts have been shown to be
expressed in latency [106, 107], however recent target
enrichment SRS data suggests that VLT and ORF63
are the only two expressed transcripts, maintaining
the dormant phase of VZV. In this work Depledge
and coworkers showed that the VLT is spliced differ-
ently in the latent and lytic phase of the viral life-
cycle, and identified several length and splice isoforms
during productive infection [9]. We confirmed the ex-
istence of four introns of this transcript in the longer,
lytic forms of VLT. Additionally, we showed a splice
isoform of ORF63 and ORF64 possessing the same in-
trons as the VLT. This suggests that occasionally VLT,
ORF63 and ORF64 can form a single transcriptional
unit. We found that a novel splice isoform of ORF63
produces a long transcript, which has non-canonical
splice donor site (GC, instead of GU). Another rare
but distinct splice variant of ORF63-L has the same,
non-canonical splice donor site. The reason for this
could be simply the higher GC content of these re-
gions. Another explanation may be that the splice
isoforms of ORF63 are recognized by host cell spli-
ceosomes differentially, in order to perform varying
splicing patterns during the life cycle of virus. Similar
alternative splicing has been described in VLT, assum-
ing distinct functions for it in lytic and latent phase
[9, 105].
The uORFs are supposed to play a regulatory role
in the translation of eukaryotic mRNAs. Our results
suggests, that at least some of the uORFs could play
a role in the production of N-terminally truncated
proteins, while most of them have a large-enough
space between their stop codons and the protein
coding ORF’s AUG for a reinitiation event, thus
resulting in unaltered protein translation [108]. Fur-
ther studies implying ribosome profiling and mRNA
and protein expression studies are needed to deter-
mine the precise function of these uORFs. Neverthe-
less, the use of alternative promoters for producing
TSS variants with or without uORFs may have a role
in providing a differential control of translation at
distinct stages of the viral lifecycle [22]. TSSs and
TESs detected by former S1 nuclease and primer ex-
tension experiments agree with our results with base
pair precision, demonstrating that our comprehen-
sive LRS transcriptomic survey of VZV complemen-
ted with the proposed bioinformatics pipeline can
provide a useful background to design other viral
transcriptome reannotation analysis by ONT plat-
form. It is also important to know which transcripts
are affected by a genetic modification of the virus.
The organization principles of the viral genome and
the viral replication can only be understood with a
detailed knowledge of the transcriptome.
Conclusions
This study substantially redefines the VZV transcrip-
tome by identifying a large number of novel RNA
molecules and transcript isoforms, as well as revealing
a complex pattern of transcriptional overlaps. The
discovery of novel TSS and TES isoforms can lead to
a better understanding of the regulation of the viral
gene expression through alternative promoters or
through RNA turnover, whereas uORFs discovered in
this work can modulate translation. The extensive
transcriptional overlaps may indicate an interaction
between the transcription machineries. Additionally,
the discovery of nroRNAs suggests an interference be-
tween the replication and transcription apparatuses.
Besides the significant advance in transcriptome anno-
tation, these data, especially the data on novel puta-
tive mRNAs and ORFs, may also provide useful
information to target transcript candidates for con-
trolling this virus.
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Additional file 1: The procedure of finding novel transcriptional
isoforms. The flowchart describes the pipeline used to detect novel TSSs
and TES-s. (PDF 505 kb)
Additional file 2: The list of 5′, 3′ ends, TSSs, TESs, promoter motifs,
polyadenilation signals, transcriptional overlaps and uORFs identified by
this study. (XLSX 383 kb)
Additional file 3: The secondary structure of NTO3 (a. and b.) as well as
the hybrid formed by the ORF62–5′ fragment and the NTO3 (c and d). a.
The secondary structure of the unedited NTO3 with a free energy of −
143.2 kcal/mol. The adenines in the editing sites are colored in green. b.
The secondary structure of the edited NTO3 with a free energy of −
169.4 kcal/mol. The inosines in the editing sites are colored in orange. c.
The secondary structure of the sense-antisense hybrid composed of the
first 467 bases of ORF62 labeled ORF62–5′ (gray) and the full sequence of
NTO3 (blue), the latter is its unedited form. The free energy of the
structure formed by the two molecules is − 822.9 kcal/mol. d. The
secondary structure of the sense-antisense hybrid composed of the first
467 bases of ORF62 labeled ORF62–5′ (gray) and the full sequence of
NTO3 (blue), the later in its edited form. The free energy of the structure
formed by the two molecules is − 818.7 kcal/mol. The position of I·U base
pairs is marked with black arrows. (TIFF 1530 kb)
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aDepartment of Medical Biology, Faculty of Medicine, University of Szeged, Szeged, Hungary
bVeterinary Diagnostic Directorate of the National Food Chain Safety Office, Budapest, Hungary
cDepartment of Genetics, School of Medicine, Stanford University, Stanford, California, USA
ABSTRACT The vaccinia virus is a large, complex virus belonging to the Poxviridae
family. Here, we report the complete, annotated genome sequence of the neuroviru-
lent Western Reserve laboratory strain of this virus, which was sequenced on the Pa-
cific Biosciences RS II and Oxford Nanopore MinION platforms.
Poxviruses are generally brick-shaped (1), enveloped viruses that have a complexinternal structure, including a relatively large double-stranded DNA genome and
associated enzymes (2). In contrast to many other DNA viruses, poxviruses replicate and
express their genomes within the cytoplasm rather than in the nucleus of the infected
cell (3).
The vaccinia virus (VV) is a historically interesting and significant virus; it has been
successfully used as a vaccine for immunization against human smallpox (4–6), which
was declared eradicated in 1980 by the WHO thanks to global vaccination efforts (7).
The linear genome of VV is approximately 190 kb in length; it is flanked by inverted
terminal repeat sequences and encodes around 220 protein-coding genes (8). The most
virulent strain of VV, the Western Reserve (WR) (9), was used for our study. The currently
available third-generation (long-read) sequencing platforms, namely, the Pacific Biosci-
ences (PacBio) RS II system and the Oxford Nanopore Technologies (ONT) MinION
system, were used for the cDNA sequencing.
The CV-1 cell line (ATCC CCL-70) was infected with the laboratory WR strain of VV.
The poly(A) fraction of the purified RNA was converted to cDNA following the Isoform
Sequencing (Iso-Seq) protocol for PacBio sequencing and the cDNA-seq protocol (1D
strand switching cDNA by ligation) for the MinION process. Seventeen single-molecule
real-time (SMRT) cells with P6-C4 chemistry, as well as two MinION flow cells, were run
on the PacBio and ONT systems, respectively. The PacBio sequencing resulted in 59,154
reads, while 16,175 reads were obtained from the MinION runs. Our data revealed
extreme transcriptional activity across the entire VV genome. Both of the sequencing
platforms that we used in this study cover the full-length viral DNA. The average
coverages were 289.3 (PacBio) and 43.6 (ONT), and the mean sizes of the aligned
read lengths were 953 bp (PacBio) and 525 bp (ONT).
The PacBio raw reads were processed and mapped to the respective reference
genome (GenBank accession no. NC_006998) with the BLASR long-read mapper
(https://github.com/PacificBiosciences/blasr). GMAP (10) was also used for aligning the
reads. The MinION sequencing reads were mapped to the reference genome by using
Albacore version 1.2.6 software. The genome was assembled and the open reading
frames were predicted by using Geneious software (11).
The complete genome sequence of the WR strain of VV is composed of 194,888 bp.
The average GC content of the genome is 33.3%. The virus contains 218 protein-
coding genes. Our data show that the sequenced WR strain differs in 163 point
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mutations—among which were 58 nonsilent mutations—from the GenBank reference
sequence. Eighteen insertions and four deletions were also detected.
The most common point mutation is a substitution of cytosine for thymidine. Most
of the amino acid substitutions occurred in the C9L gene. A new coding sequence
(A54L) was annotated. The majority of nucleic acid changes (21 events) were clustered
in the F region of the viral genome. Mutations mainly occurred in viral genes playing
a role in host defense modulation, transcription regulation, and viral replication.
Accession number(s). The complete and annotated genome sequence of the WR
strain of VV has been deposited in the European Nucleotide Archive under accession
no. LT966077.
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